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Substructuring is a technique in finite element
analysis for
solving mechanical engineering
problems involving large structures
which are too enormous for existing computer hardware and software
to handle. This technique involves breaking the system into parts,
analyzing the parts, and then re-assembling
the total system using
selected degrees of freedom from the parts. This thesis also
provides a review of substructure theory as a background. The
state-of-art involving different approaches of the method
is
presented .
The ANSYS finite element analysis program is used for the
case
studies of analyzing a container
refrigeration unit frame
structure. The experimental vibration test results
on the
structure are used for comparison with the analytical
results from
the modal analysis of the various case studies.
Results from case studies of both the simple
models and the
complicated container refrigeration
unit frame structure all
indicate that substructuring by ANSYS renders better
solutions than
the conventional modal analysis with
appropriate numbers of mass
master degrees of freedom specified
for each substructure.
Additional master degrees of freedom are
required in substructure
dynamic analysis to achieve reliable
solutions. Computer time
saving is not
achievable by using substructuring in
ANSYS for
dynamic analysis due to the excessive
calculations used by the wave
front solver for generating each
substructure analysis. Computer
time saving is only
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{x} physical, or generalized, displacements
{p} substructure generalized coordinate matrix
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[0B] matrix of branch modes of substructure
[0] transformation matrix relating {x}
and {p}
[m] mass matrix in the {x} coordinate
system
[c] damping matrix in the {x}
coordinate system
[k] stiffness matrix in the {x}
coordinate system
{f} substructure forces in the {x}
coordinate system
oj substructure natural frequency




T substructure kinetic energy
U substructure potential energy
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generalized mass matrix in {p} coordinate
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{xBE} generalized
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external forces act on
{fBE} externally
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{xBE}
{f1} externally
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{Ax} virtual
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{P}
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AW substructure virtual work
[M] group of mass matrices of all substructures
[K] group of stiffness matrices of all
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{q} system generalized coordinates
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{p } matrix of linearly independent
coordinates
[j3] transformation matrix relating
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active degrees of freedom
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AN INTRODUCTION TO SUBSTRUCTURING
For a successful design of large and complex structural systems,
such as aircraft or ships, that are subjected to dynamic loads, it
is important to have accurate information on the dynamic behavior
of these structures to ensure the safety and reliability of
the
products. Experimental testing to get the dynamical information
is
sometimes impossible due to the over-sized structural systems and
the limitation of test equipment. It may also be impractical
due
to the high cost of building the prototype testing units and
the
expenditure of engineering resources in the case of
failed test
results. Often the entire redesign and testing processes have to
be repeated all over again. Finite element analysis is, therefore,
widely used in the day-to-day engineering
environment, primarily
due to its ability to provide
analytical results of complex
practical design problems in the most economical and timely
manner.
However, in applying the
method to a very large structure,
the
number of discrete structural degrees of
freedom very often exceeds
the available computer capability
to accommodate it without
sophisticated programming of one
kind or another. Substructuring
is a technique in finite element
analysis for determining
mode-
shapes and frequencies of
large structures by breaking the system
into smaller and more manageable parts, analyzing
the parts, and
then re-assembling the
total system using selected
mechanical
properties from the parts. Likewise,
the substructuring technique
can also be applied to
finite element static analysis. A typical
application of the substructuring
technique for an airplane is
illustrated in Figure 1.1.
There are basically three
steps in the finite element analysis




using substructuring principles. The first step
involves the
substructure generation pass run. The whole structure is
segregated into a number of substructures. The reduced stiffness,
mass and/or damping matrices and load vectors as well
as the
elements and triangular ized matrices are generated in this step.
Each substructure requires its own individual generation run.
The second step involves the substructure
use pass run. All
substructures for the whole structure are assembled to form
a
system matrix equation. The displacement and stress
for all master
degrees of freedom are solved for at this step. The master
degrees
of freedom are the degrees of freedom
associated with
interconnecting points of a substructure to
the other substructures
or elements of the system. They can also be
degrees of freedom
associated with interior points of a
substructure where
displacements or stresses are to analyzed or where
constraints and
external forces are applied. Each
analysis type requires one
separate run of the substructure use
pass.
The last step is the
substructure stress pass. The stress
pass
uses the reduced displacements
calculated of the substructure
master degrees of freedom in the use
pass to calculate the full set
of displacements and
stresses internal to the substructure.
This
step is an
optional one and is only required if
detailed
information within any
substructure is desired. One stress pass is
required for each individual
substructure.
The partitioning of a








of the structure based
on the group responsibility
3) Division of responsibility between subcontractor and
prime
contractor
4) Major assembly components, i.e. production breaks
5) Linearity within each substructures
6) Division of frozen design portion and the portion still
under
development
Therefore, the number of substructures for a structure
is not fixed
but depends on the size and the particular characteristics of
the
structure being analyzed.
There are several other advantages of the substructure
approach in
comparison to the conventional finite element analysis
techniques
other than the removal of the problem size
limitation. One
important advantage in using the substructure method
is the saving
in computer run cost under certain circumstances.
Repetitive
structural units are often found in practical design
problems.
Considerable reduction in computer cost may be gained
since only
one typical model, a small portion of
the whole structure, needs to
be generated as a substructure for
the identical parts of a
repetitive structure. Similar
savings are also achievable for a
structure with symmetrical
configurations. Another cost-saving
technique is to perform design studies by substructuring
all of the
structure except for the portion to
be modified. Modifications in
structural design can be efficiently
performed as only the affected
substructures have to be reanalyzed.
Such a procedure of
reanalysis is often essential in the
design of large structures.
Another important
advantage of the substructure technique is the
simplicity in preparing
and checking the input
data. Structural
units built up from plates,
membranes, shells, beams
and solids may
be parts of separate
substructures and can be treated individually
by use of highly
specialized subprograms or modules. Thus, the
input can be reduced substantially by automatic data generation,
and the results can be presented in well-arranged output lists and
visualized with the aid of plotting routines. In addition,
a large
system, such as a space vehicle, is generally
fabricated in parts.
Each part may be associated with different
contractors in various
distant locations. The substructure models and the system
analysis
results of each part can be accomplished separately by each
individual group and can be stored on
compatible files. The
transfer of data between working groups or
analysts can be rapid
and complete, thus eliminating the customary reporting
lag.
One special case of using substructuring is to
establish a multi
level of substructures. Thus for very
complicated systems, a
hierarchy of nested substructures
can be generated to further
reduce the problem size limitation.
Finally, it should be
pointed out that in many practical
situations, it has been
verified that the substructure method is
more accurate numerically than a
conventional approach [1J.
Although the substructuring
technique presents various advantages
as stated, there
are some drawbacks and
limitations which need to
be considered when the
technique is to be implemented.
Substructuring
requires much more data file handling and
bookkeeping than
conventional finite element analysis. For
each
substructure,
there are three files consisting
of the reduced
matrices, the elements,
and triangularized back substitution
matrices generated
which need to be manipulated and
tracked. For
each iteration of the substructures,
the file handling needs to be
executed again. The other
disadvantage is increased computer runs.
Since the generation, use,
and stress pass runs are
included in
each substructure analysis and each of the pass run needs to
be
done separately, computer turnaround
time is a major drawback for
the effective use of substructures as a day-to-day analytical tool.
For a heavily loaded computer system, the engineer
might only get
one run per day. The engineer also has to keep checking the
completion of one computer run before proceeding to the next
run.
Therefore, it takes more calendar time
to solve a problem with
substructures. The handling of increased computer
printout also
consumes more engineering man-hours.
The linearity requirement within
substructures is another
disadvantage of using substructures. Substructuring
is limited to
linear models, so that problem
size limitations remain when dealing
with problems such as plasticity, creeping,
or large deformations.
For situations involving geometric nonlinearity
or large
deformations, one can take the
approach of breaking the components
into substructures which have small
deformation such that the
linearity property within
the substructures is maintained [2].
But
the analyst may -find it
tedious when dealing with an
excessive
number of substructures in one
analysis.
In the past, various
substructure techniques for dynamic
analysis








deemed important for the
problem under
consideration. However, inherent in
each is the
calculation of inaccurate
answers for items considered
unimportant.
All modal procedures are
based on the Rayleigh-Ritz method of
modal
estimation, and
each has strong points
and weaknesses for different
types of problems [3].
The following are the
guidelines to be
considered as the criteria
in evaluating the merits of any
substructure
technique for solving any
particular, structural
problem.
Convergence of Both Natural Frequency and Mode Shape
The main reason for using substructures is to maximize both the
quantity and quality of analysis solvable by the available computer
facility- When the structure is subdivided into several
substructures, the number of equations that may be solved for each
substructure is greater than that which would be possible for that
substructure if the structure is treated as a whole. Therefore,
more accurate solutions are achievable by substructuring, with each
substructure being represented by a more accurate and refined model
and coordinate system. However, most of the coordinate systems for
each substructure must be truncated before synthesizing for
economical reasons. The accuracy of the solution of the
truncated
system is therefore, of great importance. A good substructure
computer code should have a fast rate of solution convergence with
the increase in the number of degrees of freedom added.
Convergence of Local Stresses
For each dynamic substructure analysis method,
there exists an
algorithm by which the normal mode
truncation is referenced to. It
is quite possible that some methods will converge
to satisfactory
frequency solutions, but at a very
slow speed. But they may not
converge to correct stresses. Therefore, it is
important to
examine the convergence characteristics
of local stresses for the
methods to be used.
Ease of Repetitive Test for
Convergence
To verify the reliability
of analysis results, it is necessary to
test the convergence of the
results by repeating the same analysis
one or more times with finer
models or finer coordinate systems
with larger numbers of
degrees of freedom. This test process can
be very easy, with only some additions to the original coordinate
system and with only part of the analysis repeated. It can also be
very complicated, requiring a complete re-analysis. Different
methods might be easier to implement for such repetitive analysis.
A method which requires the least effort to perform should
obviously be considered.
Ability of the Method to Treat Dynamic Response
Many of the substructure analysis methods use generalized
coordinates based on the vibration modes of the several components
considered separately. These kinds of methods are particularly
useful in the determination of the vibration modes of the
structures. Very often, the analyst is not only interested in
determining the system normal modes of vibration, but also in the
analysis of various responses of the structure subjected to
external excitation loads. Therefore, the ability of the method to
treat dynamic response needs to be studied and understood. One
must also determine whether the method is capable of solving the
corresponding static problem for the same structure.
Ease of Isolation of the Contractual Components
One of the reasons that substructuring may be implemented is when
different components of the whole structure are designed, analyzed,
and manufactured by different contractors at different locations.
It is highly desired that the substructures to be analyzed be
defined exactly the same way that the actual components are
physically divided between different contractors. Therefore, a
substructure method that permits isolation of the contractual
components of the whole system with a minimum of engineering
information exchange across the components' boundaries will be more
desirable.
Influence on the Conditioning of the Eguations to be Solved
Finite element analysis, just like all computational tools,
introduces errors to the solutions due to the round off in
arithmetical operations. One significance of this is that the
round off errors associated with calculations make a set of
equations either well-conditioned or ill-conditioned. The various
substructure methods that implement different coordinate systems,
more or less, affects the conditioning of equations in a different
manner, which in turn affects the accuracy of analysis
results. It
is therefore important to evaluate the inherent properties of
different methods as they affect the conditioning of the equations
to be solved.
Ability to Handle Redundancies at
Interconnections
The connection type of the substructures is another consideration
which involves the various types of load passes in the connection
systems. In most practical structures, the substructures are very
often joined by means of statically
indeterminate connection
systems. Therefore, the substructure method being
considered must




THEORY AND BACKGROUND OF SUBSTRUCTURING IN DYNAMIC ANALYSIS
The analysis of the response of a large structure subjected to a
dynamic excitation is usually accomplished by analyzing a finite
element model of the structure. Since a complex finite element
model typically contains a huge number of degrees of freedom, it is
sometimes impossible or impractical to obtain a complete
eigensolution of such a large system. Therefore, it is desirable
to have a method of dynamic analysis which reduces the system
degrees of freedom to within a reasonable limit while allowing as
much independence as possible to render an accurate analysis.
Moreover, in the procedures usually employed in the
design or
modification of complex structures, the major structural
components
or substructures are often designed by different engineering groups
or at different times. Substructuring is an analysis approach in
which the design and modifications may proceed as independently as
possible, with due
consideration being given to the final coupling
of substructures to form the complete
structure. The terms
substructure coupling and component
mode synthesis have been
applied to the process of partitioning a
structure into
substructures, or
superelements , and describing the physical
displacements of each substructure in terms of generalized
coordinates which are the amplitudes of
predetermined substructure
modes. The system continuity
requirement gives rise to





coordinates and are used to transfer
substructure coordinates to
system coordinates. The
system properties and forces are derived
from substructure
properties and forces based on this
transformation. System equations of
motion are then formulated and
10
solved to determine system responses. Each substructure response
can be formed, if desired, by the back substitution of the
calculated system responses using the same transformation.
General Theory of Substructuring
A complete structural system is conveniently divided into
several
components (substructures) that are interconnected. In order to
formulate the equations of motion for each substructure, it is
necessary to establish for each one a
generalized coordinate
system. Various types of assumed displacement modes are used to
represent the physical displacements of each substructure in terms
of generalized coordinates. The assumed modes consist
of natural
vibration normal modes of the substructure and some other
static
deflection modes.
Three categories of displacement mode were used by Hurty [4] to
define substructure assumed displacements. These
are rigid-body
modes, constraint
modes and normal modes. Rigid-body mode allows
the substructure to displace
without deformation. Each
substructure has six rigid-body modes if there
are no external
constraints imposed on the substructure. The
number reduces if
external constraints
exist. Constraint modes are included when
there are redundant constraints on
the substructure. This mode is
generated by introducing a unit
displacement on each indeterminate
constraint, in turn, with all
other constraints fixed. The number
of constraint modes
is the same as the number of redundant
constraints. The third category,
normal mode, is used to define
the displacement of all
other points on the structure related to
the component
constraints. The natural modes of vibration with
fixed constraints are usually conveniently




For a substructure with highly redundant boundary conditions, it is
not straightforward for a engineer to determine which boundary
freedoms are statically determinate and which are redundant.
Therefore, Craig and Bampton [5] suggest to eliminate the rigid-
body modes and treat all boundary degrees of freedom as redundant
degrees of freedom that Hurty uses to formulate constraint modes.
This combination greatly simplifies the process of boundary degrees
of freedom and the formulation of substructure properties.
It is generally assumed that the existence of structural damping
does not cause coupling of undamped vibration natural modes. The
equation of motion of a substructure connected to other










kIB kII A -\A (2-d
ls)iX J (s) [fI)(s)
Superscripts B and I represent boundary and interior respectively.
The diagonality of the mass matrix is due to a lumped-mass
formulation. The coordinates {x}(s) are physical displacements in
s*
substructure. The subscript (s) will be omitted, assuming no
confusion arises thereby.
The substructure constraint mode is defined by imposing
successively a unit displacement on one boundary physical
coordinate and keeping all other boundary physical coordinates
totally constrained. To obtain constraint modes the Guyan
reduction [6] is applied to all interior physical coordinates, so
that all other interior masses are neglected and no external forces
are applied at any interior physical coordinate.
Eq. (2.1) becomes
^ = [<J>c]{xB} (2>2)
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with





] is the matrix of constraint modes. The
constraint modes
permit the arbitrary displacement of all
movable boundary
constraints.
The substructure normal modes are obtained by constraining all
boundary coordinates, i.e. setting {xB}
= {0}, and solving for the




co2 [m IZ] ) U) = 0 (2-3)
The resulting eigenvalues







and the associated normalized
eigenvectors (mode shapes) form the
matrix of normal modes of the
substructure
[**1 = [*!*2 43 <W (2'5)
where n is the number of the
substructure interior coordinates.
The physical coordinates of
each substructure, {x}, are defined in
terms of the set of mode functions, [0],
and the set of
substructure generalized coordinates, {p},
are defined by a
coordinate
transformation:
(x) = [*]{p> (2'6)
where matrices {x}, {p} and [0]










Using the modes described in the foregoing discussion as
generalized coordinates, the generalized mass and stiffness
properties of each substructure are determined.
The derivation of substructure equations of motion will be based on
Lagrange's equations of motion with undetermined multipliers.
Expressions of kinetic energy and strain energy of the
substructures are required. These will be given first for
substructure physical coordinates and then in terms of substructure
generalized coordinates.
The kinetic energy and potential energy of a substructure are given
by
T = (l/2)b$T[m]bd, U= (l/2)bdT[k]bd (2.7)
respectively- When Eq. (2.6) is inserted into Eq. (2.7), the
substructure generalized mass and stiffness matrices are obtained.
Thus,
T = ( 1/2 ) {) T[m\ ip), U = ( 1/2 ) {p}
T
[k] ip)
where the generalized mass matrix is given by






[mBB] = [mBB] + [<J>c]T[/nJJ] [0C] (2.9a)
[m**] = [mNB]T= [^}T[mXI] [$"] (2.9b)
[in*"] = [^N]T[m11] [<j>^ (2.9c)
and the generalized stiffness matrix is






The constituent matrices are
[kBB] = [kBB] + [JcBJ] [<j>c] (2.10a)
[km] = [4>"]rrjcJJ] [<|>"] (2.10b)
The matrices [k] and [m] are diagonal, due to the orthogonality
properties of the substructure normal modes. The elements of [k1]
are related to the corresponding elements of [im] by the following
relationship:
[k] = alimj] (2.11)
where c^ is the natural frequency of the substructure in the
i*
mode
obtained with all constraints fixed.
The forces acting on a substructure may be considered in two
categories : (1) those imposed through the constraints and (2)
those applied by sources external to the system.
At this point, the substructure boundary coordinates {xB} must be
separated into {xBE} where external forces exist and {xBD}, the
dummy boundary coordinates which were necessarily introduced to
allow complete isolation of the substructure (s) .
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The externally applied forces will exist for the
coordinates {x1}
and {xBE}. Let {x} be ordered and partitioned according to
(2.12)
and the associated statically equivalent forces from both
force
categories are given by
w--
rBB (2.13)
The virtual work done by forces {f} on a virtual displacement {Ax}
of the substructure is identical to the virtual work
done by
generalized forces {P} with the generalized coordinates undergoing
a virtual displacement consistent with {Ax} :
AP/= {pF^Ap} ={f}T(Ax} (2-14>
Substituting Eq. (2.6) into Eq. (2.14)
gives






forces are expressed as
{P7= [*] (2-17>
After all the properties of
substructure (s) have been derived, the
equations of motion for
substructure (s) in generalized coordinates
{p} are then formed using
matrices (2.9), (2.10) and (2.17).
m{p>{3) + \.k]{p){3) (3(a)
(2-18>
Equations similar to Eq. (2.18) are
written for all individual
16
substructures. All of these equations are then combined in the
following single matrix form:
mip) = mip) = (pT (2-19>
The components of matrices in Eq. (2.19) are grouped in such a way






















[M] and [K] are





Eq. (2.19) can be
regarded as a set of




The physical process of connecting
all substructures to form the
equations of motion for the
whole system gives rise
to equations of
constraint among the
elements of matrices {p} of different
17
substructures. These equations of constraint serve to insure that
the displacements on the boundary of any substructure (s) match
those of its adjoining substructures. If the number of
all the
generalized coordinates of all the substructures for the system is
N and there are C equations of constraint relating them, then there
will exist a subset of these substructures containing n
= N - C
displacements that are independent. This subset may be identified
directly as the set of system generalized
coordinates {q}, or it
may be related to {q} by a linear
transformation. In either case,
a transformation can be derived relating {p} to {q} :
(pi = [pHd (2-2)
Construction of the matrix [0] requires knowledge of
the
constraints imposed on all substructures by the system
of
connections. A set of
linear'
constraint equations relating all of
the connections among the p's may be
written in the form:
u^y-fo)
<2-2i)
In this equation, {pd} represents
a subset of dependent variables
with C elements, and {pg} is the
subset of independent variables
with n elements. [A^A,] is a
rectangular matrix of constant
coefficients. [Ad] is a square
matrix of order C x C and should be
nonsingular with a proper
arrangement of elements in {p}.
From Eq. (2.21), the complete
matrix {p} can be expressed in
terms
of independent set {pg} :







The matrix {pg} could
be identified directly as the system
generalized




matrix [0] . However,
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Eq. (2.22) is in general considered to accomplish part of the total
transformation. In many problems it is convenient to relate the
system generalized coordinates to physically meaningful modal
configurations if the structures possess symmetrical or repetitive
geometrical shapes. Therefore, a further transformation may be




Eqs. (2.22) and (2.23) are then combined to complete the
coordinate









The final step in this analysis is to derive
the system equations
of motion using the transformation in Eq.
(2.20). Substitution of
Eq. (2.20) and its second derivative into
Eq. (2.19), and
multiplying all terms in Eq. (2.19) by the
transposed matrix [0]T,
yield the following equation:
[&]T[M] [p]{$ + [P]T[#] [PH<2>
= [Pl^ (2-25)
The system generalized properties and system
forces are identified
as follows:
[m] = mTm tp] (2.26)
m = mT[K] [pi (2.27)
[Q) = [PHPF (2.28)
Eq. (2.25) can be
expressed as the system equations of motion with
the substitutions of Eqs. (2.26)
through (2.28):
[M](<2) + mig) = (>) (2.29)
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The system equations of motion, Eq. (2.29), are solved for the
system generalized coordinates {q}. These resulting displacements
may then be back substituted into Eq. (2.20) , if desired, to obtain
the displacements {p} for any of the substructures.
Discussion of Various Modal Synthesis Methods
Several techniques for the dynamic analysis of large structures
that involve division into substructures were developed in the past
by different researchers to compare variations in analysis costs
and computational errors. These techniques are similar in
principle, but differ in the use of different mode sets to describe
the substructure generalized coordinates. They also use various
methods of enforcing compatibility of substructure interfaces.
These differences in mode set selection and substructures coupling
form the basis for classification of a variety of synthesis
techniques.
Method 1. Component Mode Synthesis
The comprehensive substructure coupling development of analyzing
substructures with redundant interface connections was first
reported in [4]. The structural system is considered to be
composed of a finite number of components connected together by a
number of boundary connections which serve as constraints on each
of the components. In this method, internal DOFs are transformed
into modal DOFs corresponding to the fixed interface normal modes
of vibration of the substructure. Then a truncation of modal DOFs
is carried out by using a frequency cut-off criterion. The
truncated modal DOFs are superposed with DOFs of the interface
displacements to constitute the reduced order substructure.
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Compatibility of displacements at the component interface
connections is explicitly assured by a coordinate transformation
relating component coordinates and system coordinates. This
transformation involves only the boundary modes. Each normal mode
defined for any component is a generalized coordinate in the
system. Interface DOFs are separated into rigid body modes and
constraint modes. Craig and Bampton [5] reported essentially the
same procedure but treated all boundary displacements in the same
manner as constraint modes. The separation of boundary
displacements into rigid body modes and constraint modes may be
advantageous in some cases, especially for structural systems with
ill-conditioned stiffness matrices when related to a coordinate
system composed entirely of deformation modes. The matrix
conditioning is much improved by introducing rigid body modes into
these kinds of systems [3], Bajan and Feng [7] proposed a
component mode procedure which is similar to above, but with the
addition of a technique for optimizing the selection and
substitution of the component modes. Successive solutions with
different component modes are employed in this method to improve
the accuracy of a set of object modes. Its iterative nature
and
the difficulty in selecting component modes for successive
iterations make it somewhat unattractive. Bamford [8] developed a
similar procedure and in the process introduced another type of
component mode called attachment modes. These attachment modes are
static response modes which are used to complement free interface
component normal modes in dynamic analysis. These modes are
defined by successively imposing a unit force on
one boundary
coordinate and zero force on all remaining interface coordinates.
The attachment mode is the response of all coordinates in this
substructure. There are as many linearly independent attachment
modes for one substructure as the number of boundary coordinates.
For a restrained structure, attachment modes are defined by solving
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the modified Eq. (2.1):
k BBk BI\
k IBk JI
Vectors of each column of matrix {x} in Eq.(2.30) form the columns
of the attachment mode matrix [0] . if attachment modes are defined
for the same DOFs as constraint modes defined in [4], then the
attachment modes [0] are a linear combination of constraint modes
defined in Eq.(2.2a). For an unrestrained structure, attachment
modes are defined by the response of a uniformly accelerating
system. Internal inertia relief forces are used to equilibrate the
externally applied forces and a set of nonredundant constraints are





Generally speaking, the modes defined by component mode synthesis
methods are well-conditioned, so that the truncation errors
resulting from omission of the higher modes are minimized.
Unfortunately, considerable complexity is introduced by the
constraint modes. Because the modal coupling occurs through the
mass matrix with these methods, this type of substructure coupling
is referred to as "inertial coupling" -
Method 2 . Coupled Free-Free Component Modes
The coupled free-free component mode substructure method has been
used by some aircraft companies for years before Goldman first
published a report in [9]. This technique has been found to be




clustered- type rocket vehicles.
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The normal mode shapes of vibration of each separate substructure
with its interfaces free are used as component modes. The
component rigid-body modes are employed to satisfy the
compatibility at the substructure interfaces with its adjacent
substructures. These mode shapes and the natural frequencies of
vibration of the substructures are synthesized to solve for the
natural frequencies and mode shapes of the complete structure.
A system frequency matrix, [S], which satisfies the structure
interconnection equation in the specific eigenvalue form
([S] - a>2[J]){q} = (0) (2.32)
is derived from the equation
[S] = [coc] [J - B'G^B] [0>c] (2.33)
where [ojcJ is the diagonal matrix with the natural frequencies of
each substructure. [B] and [G] are matrices constructed from the
rigid-body modes and free interface vibration modes of each
substructure. The structure's natural frequencies and their
associated structural vibration mode shapes are derived from the
eigenvalues and eigenvectors of the [S] matrix. The number and
range of free-free mode shapes and frequencies for each
substructure have to be selected with caution in order not to cause
errors due to the lack of enough information for synthesizing the
whole structure.
This type of coupled free-free component mode method, as well as
the methods of component mode synthesis, assembles the structure by
imposing compatibility relations on the interface coordinates
contained in each substructure. When a large number of attachment
points are required, the order of the eigenvalue problem is
inherently large, because the number of constraint modes or
free-free component modes must equal the number of attachment
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coordinates.
Another approach of free-free component mode synthesis is
presented, in part, by Benfield and Hruda in [10]. This procedure
is different from Goldman's method in that the mode functions
obtained by performing a free-free eigenvalue analysis of each
substructure take into account, in an approximately manner, the
effects of the stiffness and inertial characteristics at the
interfaces of all connecting substructures. In addition to that,
the free-free component mode shapes, including the rigid-body
modes, are utilized as displacement functions in the Rayleigh-Ritz
procedure at the structure system level.
The system coordinate transformation matrix [T] which will
transform the uncoupled coordinates of components a and b to those
of a coupled system in which the component modes are used as the













[TJ is the coupling transformation matrix when substructure b is
coupled to substructure a. [T2J is the combined component mode
substitution transformation matrix for substructures a and b. The
mode functions in [T2J are free-free modes of substructure a (and
b) which contain the effects of the reduced stiffness and mass
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matrices of interface substructure b (and a) . When there are more
than two substructures, Eqs. (2.34) and (2.35) are expanded to
couple all components together and to include additional component
modal substitutions for all of the substructures in that system.
Utilizing the system transformation defined by Eq. (2.34), and the
energy expressions of the system, the homogeneous equations of





















Although this method eliminates the need to retain a large number
of DOFs for attachment purposes, additional eigenvalue solutions
are required prior to synthesizing the structure and the effects on
the higher solution modes are unpredictable.
Method 3. Branch Mode Analysis
An independent modal synthesis method which differs from the others
was reported by Gladwell [11]. It is a procedure developed
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especially for the estimation of natural frequencies and the
associated mode shapes of a complex system. The method proceeds by
dividing the structural problem into two stages. In the first, a
sequence of constraints are imposed on the system in turn. These
sets of constraints are usually chosen so that, when one set is
imposed, only one component of the system can vibrate with
distortion, the other part of the system either remaining fixed or
vibrating as rigid body. In either case the remaining components
are attached to the vibrating component. The various constrained
systems obtained in this way are called the branches of the
original system. In the second stage, a certain number of the
lower natural frequencies and principal modes, which are called
branch modes, of each of the branches are determined. They are
then used together with rigid-body modes (if the system is free) in
a Rayleigh-Ritz analysis to approximate the natural frequencies and
principal modes of the whole system.
The general criterion governing the formation of the branches is
that the grouping of the sets of branch modes must be complete in
the sense that it must be possible to express any motion of the
system as a sum of motions in the various branch modes. No rules
are established for defining these branches. Hence, branch
construction is left to the judgement of the analysts based on
their experience.
The equation giving the approximate natural frequencies and normal
modes of a system is expressed as
( [K] - u)2[M]{q} = (0) (2.38)
The stiffness and mass matrices, [K] and [M] , are derived by the
following transformations:
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U] = [0^] T[k] [<j>*] (2.39)
[M] = [0s] T[m] [0*] (2.40)
Here [0B] is the matrix with branch modes of each of the branches
as its columns, [k] and [m] are stiffness and mass matrices of the
lumped-mass system.
The number of modes taken from each set of branch modes for use in
the final analysis is to be decided by the analyst, based on
experience. It was suggested in [11] to take those branch modes
for which the natural frequencies are less than twice the highest
natural frequency required.
Method 4. Hybrid Method
When the substructuring method is used in finite element analysis,
the substructures are described by their vibration modes and it
must be specified how the boundary degrees of freedom of each
substructure (to_ the remainder of the structure) were supported
when the vibration modes were computed or experimentally measured.
The connecting boundary coordinates may be all restrained, all free
or some free and some restrained. There are situations when the
vibration modes are available from a test or from a previous
analysis. In such cases the analyst may not have the option of
specifying the boundary conditions. Furthermore, better analysis
results will be obtained if the boundary conditions for the
substructure modes resemble the actual conditions of the composite
structure. Therefore, it is sometimes desired to have a method
that will use the available vibration information and treat the
boundary conditions for the vibration modes with generality.
In the hybrid method [12], a set of constraint relationships
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between the generalized coordinates and the degrees of freedom at
connection points is derived. These equations of constraint,
together with the calculated generalized mass and stiffness
matrices and the equation of motion for the generalized
coordinates, complete the specification of the substructure and are
used as the input data for the idealized model of the substructure.
The boundary degrees of freedom of the substructure are partitioned
in {Xf} , degrees of freedom that are free connection coordinates in
the substructure modes, and {xr}, degrees of freedom that are
restrained connection coordinates in the substructure modes.
The physical displacements of {xf} are related to the modal
coordinates {q} of the substructure by
\xj = [4>f]lg} (2.41)
which is a representation of constraint between free boundary
coordinates and the independent coordinates {q} . The columns of
[0f] are the eigenvectors, [0N] , abbreviated to include only the
degrees of freedom at free connection points, {xf}. An auxiliary
set of modal coordinates {} is defined as
iV = [yjixj (2.42)
which are the equations to relate the constrained boundary
conditions to the modal coordinates. [\pr] is calculated from
properties of the vibration modes. The generalized force matrix is
then defined as
if) = [k] ({ql - iV) (2.43)
Eqs. (2.41), (2.42) and (2.43) provide a complete description of
the substructure and are used to construct the idealized model of
the substructure.
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The additional matrices derived from static approximations of the
effects of the higher modes may be used to improve the accuracy of
the substructure model in the hybrid method.
Truncation of Coordinates
In the substructure analysis methods, each substructure is
comprised of internal and boundary degrees of freedom. The
internal degrees of freedom are transformed into modal degrees of
freedom corresponding to the vibration modes of the substructure.
Then the eigenvalue solutions are approximated by truncating the
higher frequency substructure modes using a frequency cut-off
criterion. These truncated coordinates are completely omitted from
the equations of motion. As the result, the solutions will have
"truncation"
errors introduced. In the case that more accuracy is
desired, the dynamic transformation method [13] can be used which
includes the effects of modes not retained explicitly in the
substructure analysis. A dynamic transformation that relates the
unused coordinates to the retained coordinates at a selected system
frequency is obtained from the complete set of equations of motion.
The reduced mass and stiffness matrices are than derived from this
transformation retaining those coordinates of primary interest to
obtain a set of frequencies and a corresponding set of mass
normalized eigenvectors. The solutions are revised using new
transformations for the calculated eigenvalues. Indications as to
the accuracy of the modes of
the revised and initial reduced
solutions are provided for by the eigenvalue ratio and the
normalization factor. If all of the modes of interest have not
been obtained, the procedure is repeated by selecting a new set of
retained coordinates and reduction transformations. Significant
improvement can be obtained in the modes and frequencies by
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applying this back substitution method. However, this method
should be used selectively in the cases when some of the modes are
known to be accurate. For instance, with the lowest modes of a low
mode set, no further improvement can be achieved by implementing
this method. On the other hand, if some modes are well removed
from the reduction frequency, the change in the reduction frequency
and a change in the kept coordinates are necessary in order to make
an adequate improvement of the solutions possible.
Truncation associated with interface degrees of freedom should be
considered when there is concern regarding the large number of
boundary degrees of freedom carried over to the system level. Thus,
increasing the size of the eigenvalue problem to be solved at the
system level. This is particularly true when dealing with large
and complex systems with many substructure interfaces.
Ritz vector, static condensation and junction modes are some
methods suggested by Craig and Chang [14] to reduce the interface
degrees of freedom at the system level. The Ritz vectors have to
be generated and provided individually by the analyst for the
purpose of reducing the boundary degrees of freedom. Therefore,
there are very limited uses of this reduction procedure, especially
when dealing with very complex structures for which the generation
of efficient Ritz vectors with spread substructure boundaries is
not possible. The static condensation method is a straightforward
approach that can be employed for large problems and has been used
in many cases with some
success. The method when applied for the
reduction of interface degrees of freedom in double Guyan's
procedure (wherein static condensation is applied both at
substructure and system level) is found to be generally
satisfactory for both
frequencies and modes, except in isolated
modes wherein large errors in vectors were noticed. However, the
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same static condensation when applied to reduce interface degrees
of freedom in the substructure synthesis method gives rise to
erroneous results, even for frequencies [15]. Modal reduction of
interface degrees of freedom by the use of junction modes has the
advantage of a reduction based on a frequency cut-off criterion,
but has the disadvantage that an additional eigensolution is
required at the system level. Therefore, it is a reduction method
suitable for problems with a relatively small number of interface
degrees of freedom. It is not recommended for problems with a
large number of interface degrees of freedom for the reason of
increased analysis cost by solving an additional eigensolution of
a large order matrix at the system level. The recursive or
multilevel substructuring is another method to overcome the problem
of excessive number of interface degrees of freedom at the system
level. In this method, two or more substructures are carefully
coupled to derive another substructure. Thereby reducing the
boundaries common to coupled substructures and arriving at
eigenvalue problems with manageable size. The results obtained by
the application of recursive substructuring reveal that accurate
results can be obtained with reduced costs [16]. A combination of
recursive substructuring with junction modes is another approach to
handle large problems effectively, if further reduction of
interface degree of freedom is necessary -
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CHAPTER 3
SUBSTRUCTURING PRINCIPLES USED IN ANSYS
The ANSYS finite element analysis program has the capability for
solving a large scale mechanical engineering problem by
substructuring techniques. This capability involves generation of
substructure stiffness and mass matrices, use of substructures as
any other elements in the analyses and the back-substitution
process to determine stresses within substructures, if desired. A
logical extension of the Gauss elimination method [17] is used for
the static substructure analysis. The kinematic condensation, or
Guyan reduction method [6] , is used to compute the reduced mass and
damping matrices based on energy conservation theories for the
dynamic analysis. Wave front reordering can be applied in the
substructure generation pass to minimize the computer time. Enough
master degrees of freedom should be selected in the substructure
generation pass to simulate the mass distribution for accurate
analysis results. The selection of master degrees of freedom can
either be done manually by the analyst, or may be chosen
automatically by the ANSYS program in the case of a complicated
structure in which the highest mass locations are not effortlessly
pinpointed [18].
Theoretical Basis of ANSYS Substructuring
The discussion will start with the reduction of
stiffness and force
matrices. The static equilibrium
equations of motion for a
substructure can be rearranged to separate the degrees of freedom
into two groups of master and slave
degrees of freedoms. The
master degrees of freedom will be
retained and used as the system
degrees of freedom in the use pass. The slave
degrees of freedom
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will be eliminated and removed from the system. The substructure
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The governing equations for the substructure in
terms of only the
master degrees of freedom can then be derived by inserting {x,} in









[k ] and {~fm} are the
desired substructure stiffness matrix and
load vector, respectively,
which may be used together
with other




run in ANSYS) . The displacements of the
slave
degrees of freedom {x,} and the stresses
throughout the substructure
may be obtained by substituting
the calculated {X.J into Eq. (3.2) .
This back-substitution
process to obtain displacements and stresses
within a substructure
is called the substructure
"stress"
run in
ANSYS. The load vector for
the substructure in the above equations
has been treated as a
total load vector for simplicity. The whole
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procedure can be easily expanded to any combinations of independent
load vectors. The reduction of equation size from Eq. (3.1) to Eq.
(3.3) will effectively increase the problem size feasibility and
also will reduce the amount of computer time for solving the
equations .
In the case of static analysis by substructuring, none of the
structural complexity is lost, since the reduction is all exact and
no approximation is made. Therefore, the solution for {x,,,} of
Eq. (3.3) will be exactly the same as the corresponding solution of
the original matrix in Eq. (3.1).
For a dynamic analysis, the equations of motion for the
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The derivations of the [k^] and [fm] matrices for dynamic analysis
are the same as for the static case, which are given by Eqs. (3.3a)
and (3.3b) . The simple partitioning and condensation approach used
for deriving the substructure stiffness and force matrices in the
static analysis can not be used for computing the reduced mass and
damping matrices. This is due to the complexity of involving the
calculations of functions of time derivatives of displacements.
Therefore, ANSYS uses the approximation method suggested by Guyan.
The Guyan reduction method estimates the mass and damping matrices
for the master (reduced) degrees of freedom of the substructure
based on the potential and kinematic energy conservation
considerations of the structure. The transformation matrix to
express the overall substructure degrees of freedom in terms of the
master degrees of freedom in the static substructure analysis,
together with the transpose of the transformation matrix, are
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utilized to derive the condensed mass matrix in the dynamic
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The combinations of stiffness and mass or stiffness and damping
elements appear in the Eqs. (3.5) and (3.6). As a result of that,
the eigenvalue-eigenvector problem is closely, but not exactly,
preserved.
Unlike the various modal synthesis methods introduced in the
preceding chapter, which implement the assumed displacement modes
in dynamic analysis, ANSYS takes the direct approach of treating
the individual substructure as a superelement in the dynamic
substructure analysis. It calculates the stiffness, mass, damping
and force matrices for each of the substructures. Once the
substructure matrices are formed, they are stored in the element
library as any other ANSYS element. The substructure may be, later
on, retrieved and
included in any ANSYS model and used in any
analysis type for which it is applicable as a single element.
In the various modal synthesis methods, the compatibility
conditions are satisfied by imposing constraint equations at
boundary points between
substructures. In ANSYS, the compatibility
of the substructure to the other
parts of the structure has to be
accomplished by physically coupling
the common boundary degrees of
freedom to those they are attached to. Therefore,
all nodes on
substructure boundaries that connect to
the other elements or
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substructures should be chosen as master degrees of freedom. In
the case of dynamic analysis, master degrees of freedom internal
throughout the substructure should also be used to characterize the
mass distribution. The accuracy of ANSYS dynamic analysis is
impacted by the representations of the mass distribution
information provided for by the master degrees of freedom.
Wave Front Solver of ANSYS
In the ANSYS program, the computer time required for the solution
procedure is approximately proportional to the square of the
average wave front size. Therefore, it is important to minimize
the wave front size in order to reduce the solution cost.
The wave front or frontal solution procedure used by ANSYS was
developed by Irons [19] and Melosh and Bamford [20] for solving the
system of simultaneous linear equations for finite element
analysis. The frontal equation solver assembles and solves the
global set of equations in a simultaneous procedure. The elements
of the structure are processed one by one, with their associated
degrees of freedom and the element property matrices added to the
global matrix, by the element order numbers. The degrees of
freedom in the global matrix are immediately examined and processed
progressively each time one
additional element is added. The
degrees of freedom are kept in the global matrix if they are either
a master degree of freedom, belong to elements not yet processed,
appear in a coupled node set that has a node which has not yet
appeared in the wave, or appear in a
constraint equation that has
a node which has not yet appeared in the wave. Otherwise, they are
condensed from the matrix by Gauss elimination, ie, by expressing
them in terms of the other degrees
of freedom already in the
matrix. The procedures of adding
elements and processing all
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degrees of freedom in the global matrix are repeated until all
structure elements are scanned. Figure 3.1 shows the flow chart of
the ANSYS wave front procedure.
The assembled matrix expands and contracts as nodal points make
their first and last appearance in the element specifications. The
varying size of the active matrix is the instantaneous wave front
size. If one nodal point is the common connecting point of several
elements, the degrees of freedom associated with these elements
remain active in core until the wave front passes all elements
connected to the node.
The master degrees of freedom remain active in core and are not
deleted from the global matrix. Therefore, it is recommended to
keep wave front sweeping through the structure in the direction
that delays adding master degrees of freedom, if possible, in the
substructure generation pass. To reduce the maximum wave front
size, the elements must also be arranged so that the element for
which each nodal point is mentioned first is as close in sequence
to the element for which it is mentioned last, if possible.
Geometrically, the elements of a structure should be ordered so
that the wave front process is in the direction for which the
largest number of nodal points exist in the model.
Each element is sequentially assigned a reference number by ANSYS
when elements are defined. The wave front reads in the elements by
the order of their element number. The elements may not be
generated by the analyst in the most
efficient manner, especially
for a complicated three dimensional structure. ANSYS, therefore,
provides a reordering capability
to the element numbers to minimize
the wave front sizes. All elements in the finite element model are
swept through by the program and
assigned new order numbers,
37
FIGURE 3.1




Add new DOF(s) (except
those with specified
values) to wave front)
Does DOF(I) appear in a coupled node
set that has a node that has not
appeared in the wave yet?
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Does DOF(I) appear in a constraint
equation that has a node that has
not appeared in the wave yet?
|No
Condense DOF(I) from the wave front
by Gauss elimination
DOF = degree(s) of freedom
NWF = number of DOF in wave front after
element matrices have
been assembled
I = index for DOF, where 0
< I <_ NWF
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FIGURE 3.2
ANSYS REORDER FLOW CHART
I = List Number
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referring to the order in which elements will be processed in the
solution phase. Figure 3.2 outlines the algorithm used by ANSYS
for element reordering. The reordering can be done in several
different ways, but the simplest is by issuing the WAVES command in
the substructure generation pass before the AFWRITE or LWRITE
command is issued. The reordering process is particularly
important when dealing with a large and complex structure where a
large number of degrees of freedom exist in the system.
Selection of Master Degrees of Freedom
The ANSYS program allows several types of analyses to use the
reduced matrices in order to improve the run or modeling
efficiency. This involves the use of master degrees of freedom. In
the substructuring analysis, master degrees of freedom
selected in
the substructure generation pass become the system degrees of
freedom of the substructure when used in the use pass. Master
degrees of freedom should be properly selected in order to cover
all desired uses of the substructure. A minimum set of master
degrees of freedom should consist of those connected to other
substructures or non-substructure elements. The substructure
printout in the use pass consists only of displacements and
reaction forces at the master degrees of freedom. Therefore, the
degrees of freedom where the displacements and reaction
forces are
to be monitored should be selected as
master degrees of freedom if
the substructure back-substitution run
(stress pass) will not be
performed. The degrees of freedom
at which the changeable
displacements or point loads are to be
specified should also be
defined as master degrees of
freedom. For dynamic analysis, where
a mass matrix is generated,
additional interior degrees of freedom
should be selected as master
degrees of freedom so that the reduced
mass matrix can reasonably
represent the mass distribution of the
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substructure .
The master degrees of freedom can be selected explicitly by the
analyst (input by M command), automatically selected by ANSYS
program (input by TOTAL command), or by the combination of both
methods. In the case of modal analysis, to avoid missed lower
frequency models, at least twice as many master degrees of freedom
as modes of interest should be automatically selected by ANSYS.
The user selected master degrees of freedom are retained degrees of
freedom once encountered by the wave front solver in the
substructure generation pass. The automatic selection of master
degrees of freedom occurs during the solution of the substructure.
Assuming all the master degrees of freedom are to be selected by
the program, let there be NA active degrees of freedom in the
substructure. Among those, there are Ns to be selected
automatically by the program as master degrees of freedom. When
the substructure generation process is launched, the first Ns
completed degrees of freedom read in to the core by the wave front
solver are all considered as master degrees of freedom. When the
next degree of freedom is added into the solver, the quantity Q; of






ku and my are the
i*
main diagonal terms of the current stiffness
and mass matrices, respectively. The degree of freedom with the
largest Qj value is identified and then condensed out by
Guyan reduction. This comparison and elimination process continues
when the wave front sweeps through the whole substructure. There
are NA-NS degrees of freedom
with the higher stiffness - mass ratio
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being eliminated when the substructure generation pass is
concluded.
The masses of the condensed degrees of freedom are distributed to
the master degrees of freedom based on the relative stiffnesses
when Guyan reduction is performed. Therefore, the main diagonal
masses my of the degrees of freedom
remain in the core are
magnified when the wave front solution progresses. As a
consequence, the result from the automatic
degree of freedom
selection is path dependent. For instance, the selection result
obtained if the elements are read in from one end of the structure
might be slightly different from the one
obtained if the elements
are read in from the other end. However, the impact of the
analysis result by this difference is very insignificant.
The
major restriction of the use of automatic master degrees of
freedom
is when an irregular structure is encountered. In such a
case the
master degrees of freedom selected by the automatic selection
procedure might be concentrated totally in the high mass area and
yield incorrect analysis results. The manual
selection of master
degrees of freedom should be implemented if the
structure to be
analyzed is composed of peculiar shapes.
Computer Run Seouence
An ANSYS analysis involving
substructures generally requires three







The generation pass may
be repeated several times if more than
one
substructure is to be generated.
The substructure use pass may be
repeated if different types of
analyses are to be performed. The
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substructure stress pass may or may not be performed. Each
substructure requires one separate stress run if the stress pass is
to be performed. The post processing, such as case combinations or
plotting of stresses and displacements, may be done after either
the use pass or the stress pass.
There are three files created when the substructure generation run
is done. The substructure reduced stiffness, mass and damping
matrices and load vectors are saved in File 8 which may be used in
the ANSYS program as any other ANSYS element. The information
stored in File 8 gives the properties of the substructure which
will be used in the use pass to describe the substructure. Several
substructures may be generated on the same File 8 if all
of the
substructures will be input to the same use pass. In this case,
only one single substructure library file is required to be read
in
to the use pass. File 2 and File 11 are the other two files that
are created by the generation pass. The substructure
element
geometry and load vectors are
stored on File 2 . File 11 contains
the substructure triangularized matrices and load vectors. These
two files are needed as the input to the substructure stress run if
the substructure back substitution process is required.
In the use pass, the ANSYS program
uses the substructures generated
in the generation pass as any other elements
generated in the use
pass to create a file of the displacements at
the master degrees of
freedom of the substructures. Type 50 on
the ET command is used to
identify the substructure
when substructures are read in from the
element library as File 8.
Node number offsets or the reflection
of the substructure to form
the other substructures from the
generated one may be
manipulated in the use pass. The locations of
the substructure master nodes
need not be redefined in the use
pass. The substructure has
no geometry when it is read in. If a
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substructure is connected to the other substructures or elements,
its location and orientation are determined from the
interconnecting point locations and degree of freedom orientations.
If the substructure is not connected to any elements in the use
pass, its location and orientation are the same as those when
generated in the generation pass. The displacement information of
the master degrees of freedom is saved on File 13, which may be
used as the input in the substructure stress pass.
The substructure stress pass obtains the slave displacements from
the use pass displacement file (File 13) and the generation pass
substructure back-substitution files (File 11) . It then computes
the element stresses from the displacements and the substructure
element file (File 2) generated during the substructure generation
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The investigator has performed case studies on three different
models using the ANSYS finite element analysis program. In each
case study, modal analysis of the structural system is first
performed with the conventional method, then a series of
substructure analyses are executed with different amount of mass
master degrees of freedom added to each of the systems.
Two case studies of simple models are first executed to provide a
familiarization with the substructuring technique in ANSYS before
investigating the case study of a complicated Container
Refrigeration Unit (CRU) frame structure. These first two case
studies also facilitate the examination of the accuracy of the
ANSYS program in modal analysis with and without using the
substructures for the small size problems. The analysis results of
the simple model case studies will be used to confirm answers and
to provide a parallel comparison with the case study results of the
CRU frame system.
The objectives of the case study on the CRU frame structure are to
experiment with the substructuring method used in the finite
element analysis as a design tool, to correlate the analytical
results with the vibration test data for the CRU frame, and to
compare the accuracy and computer CPU time of different analytical
approaches using substructuring
techniques.
The analyses are performed using ANSYS, developed by Swanson
Analysis Systems. The ANSYS program is chosen for the reasons that
it is one of the finite element analysis programs that features the
46
substructure analysis capability and it is available on the
computer system of the researcher's work organization.
A. Case Study of an Aluminum Plate
A 0.06 inch thick aluminum plate of 12 inches in width and 10
inches in height is used as the model for the first case study.
Simple supports at all four perimeters of the plate are specified
as the boundary constraints of the model.
First, modal analysis of the model is performed by the conventional
ANSYS modal analysis method. The first three vibration mode shapes
of the structure are ploted and illustrated in Figures 4.1 to 4.3.
Then, the modal analyses implementing the substructuring technique
of the ANSYS program are executed by dividing the model vertically
into three substructures, at locations of three inches and nine
inches from one side of the plate. Substructuring modal analyses
with 0%, 2.5%, 5%, 10%, and 20% of the interior degrees of freedom
added to the three panel substructures are then performed. The
selection of the master degrees of freedom in each analysis run is
done automatically by the ANSYS program. The first ten natural
frequencies of each analysis are compared for accuracy. The
calculated analytical results of the first three natural
frequencies of the same model are 96.97, 2216.20, and 268.66 [12].
As clearly demonstrated by Table 4.1 and
Figure 4.4, with the
exceptions of the first two modes, at which the differences of the
natural frequency values from each
analysis runs are very
insignificant, the analysis results from substructuring technique,
surprisingly, provide
more accuracy than the results from the
conventional modal analysis.
Even in the case when 0% mass master
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degrees of freedom was introduced to the substructures, seven out
of ten natural frequencies are more accurate than those from the
conventional modal analysis. The reduction in accuracy of the
conventional methods is seemingly caused by the larger size of the
associated eigenvalue problem to be solved. In comparison among
the various substructuring runs, the run with 0% mass master
degrees of freedom specified renders the least accurate solutions.
In general, there is not a single run which renders better
solutions at all ten modes. Each substructuring run with different
amount of mass master degrees of freedom demonstrates better
solutions than the other runs at certain modes and performed not as
favorable as the same at the other modes.
TABLE 4.1















1 100.07 100.49 98.05 97.90 97.94 98.00
2 231.74 222.67 223.23 223.34 223.10 222.69
3 330.89 309.26 281.36 284.73 286.28 284.13
4 652.39 417.83 427.95 435.39 434.53 425.74
5 688.51 742.21 490.42 465.51 472.94 483.77
6 798.82 780.03 649.65 617.52 672.61 654.80
7 1025.48 962.17 752.94 698.51 701.88 692.09
8 1295.27 1312.60 888.21 881.71 952.40
955.87
9 1555.22 1358.84 1136.81 961.21 1063.21
964.22
10 1700.16 1513.71 1443.90
1335.38 1492.25 1276.89
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FIGURE 4.2
SECOND MODE SHAPE OF ALUMINUM PLATE
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FIGURE 4.3
THIRD MODE SHAPE OF ALUMINUM PLATE
<I - i
-=3-
ru i cn u_i









i m m tS3 ts> un - '
> - i CSI - i 1 1 1 1 1 1 1 1 1 1 1 1 1 1
_n
un i a_ on czr CD on CD U_l <r
-^ z: .. on u_i u_i U_l X Q_ 1 1 on 2Z CD
<L zo IS! CD
h i on sr ct: CD CD CD on o


















































U- WJ U. U_ ^
< o
2 o o
9 q o Q XV11
2



















































B. Case Study of an Aluminum Plate With Steel Beams
In the second case study, two 10-inch steel beams, 1/4 by 1/4
square in cross section, are added to the aluminum plate which is
used in the previous case study. The two beams are attached to the
plate at locations of three inches and nine inches from one side of
the plate. The boundary conditions of the model are defined
identically as those in the previouse case study, i.e. simple
supports at all four perimeters of the plate.
Comparable computer runs, as in the previous case study, are
performed with this model. Firstly, modal analysis of the
structure is performed by the conventional ANSYS modal analysis
method. The first three vibration mode shapes of the structure are
plotted and illustrated in Figures 4.5 to 4.7. After that, the
modal analyses utilizing the substructuring technique of the ANSYS
program are executed by seperating the model into five
substructures, namely, two steel beams and three portions of the
aluminum panels which are divided by the two beams. 0%, 2.5%, 5%,
10%, and 20% of the interior degrees of freedom are added to the
three panel substructures in each computer runs.
Table 4.2 lists the first ten natural frequencies from this case
study. Figure 4.8 illustrates the graphical comparisons between
the natural frequencies from different computer runs. With the
addition of the two steel beams to the aluminum plate, the values
of natural frequencies in this case study are generally higher than
those in the previous case study from the relevant runs, due to the
increase of the system stiffness.
It is interesting to point out that
the substructure run with 0%
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mass master degrees of freedom presents the best solution at the
second mode. This is possibly caused by the exclusive
characteristics of the second mode shape. The second mode shape is
primarily imposed by the mass and stiffness of the two steel beams.
Each of the beam degrees of freedom are originally specified as
master degrees of freedom for interconnection purposes. With the
exception of the second mode, the substructure run with 0% mass
master degrees of freedom produces inaccurate solutions, especially
for the four highest modes. Once again, the solutions from the
conventional modal analysis are not, with very few exceptions, as
accurate as the solutions from the substructure analysis with any
amount of mass master degrees of freedom added. In the second case
study, again, no unique run among the substructure analyses renders
the best solutions across the board.
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TABLE 4.2















1 163.62 163.39 159.67 160.04 160.46 160.33
2 238.52 227.69 240.56 242.19 243.84 242.19
3 447.37 562.26 437.80 435.34 424.71 436.20
4 522.25 669.35 501.70 484.37 483.97 486.47
5 852.47 743.08 824.22 842.21 812.13 850.98
6 1036.10 1025.76 911.86 961.93 914.97 868.59
7 1087.33 1583.31 974.81 975.63 1077.14 1127.58
8 1424.53 1813.00 1220.03 1214.69 1310.00 1220.15
9 3709.15 2305.08 1377.59 1464.64 1493.83 1589.43
10 3809.50 2770.64 1425.02 2103.77 1971.49 2019.39
Total CPU 34.49 85.34 87.88 90.90 95.69 108.09
55
FIGURE 4.5
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FIGURE 4.6
SECOND MODE SHAPE OF ALUMINUM PLATE WITH STEEL BEAMS
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FIGURE 4.8






































































































-* Case Study of Container Refrigeration Unit Frame
There are three phases in the study. The first phase is to perform
the modal analysis of the CRU model as an integral structure. In
the second phase, the CRU model is divided into three major
components and a series of computer runs are performed by the
substructuring technique. The third phase is to compare the
results from phase 1 and phase 2 to the available test data for the
unit.
Model Descriptions and Assumptions
The basic model used in the phase one study refers to the structure
frame of a refrigeration unit which functions as an environmental
control mechanism that controls the desired temperature, the
relative humidity, and the 02/C02 concentrations (Controlled
Atmosphere) of the air inside shipping containers. The unit is
mounted at one end of the shipping container, as part of the
structure of the container.
The objective of the study is to simulate a complex and large
structure such as the CRU model. The approach taken is to simulate
the structure with detail. Therefore, the unit frame is modeled as
quadrilateral shell elements (STIFF 63 OF ANSYS) . This element has
both bending and membrane capabilities. The element has six
degrees of freedom at each node: translations in the nodal x, y,
and z directions and rotations about the nodal x, y, and z axes.
There are 725 shell elements in the model. The weld spots are
specifically modeled as coupling
of two nodes (CP OF ANSYS) .
There are a total of 432 couples specified in the model. The unit
is hard mounted to the container and each mounting location is
simulated as fixed boundary conditions along the perimeter edges of
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the model. The fixed boundaries are chosen so that the modal
analysis is to be performed on the CRU frame only. Therefore, the
remaining part of the shipping container is considered fixed.
There are 192 constraint equations in the model. The total number
of active nodes in the model is 773.
The material properties used in the model are 10,000,000 psi. as
the Young's modulus, 2.5 E-4 lb-sec2/
in4
as the material density,
and 0.33 as the Poisson's ratio for the all-aluminum structure.
There are seventeen physical properties set up for the shell
elements. They are assigned either for thickness reasons or for
the ease of distinguishing different components for later
substructure analyses. The properties are tabulated in Table 4.3.
Figure 4.9 shows the integral CRU structure.
The global coordinate system is set up such that the positive X
direction is along bottom edge from the left corner to the right
corner, as viewed from the front. The positive Z axis is along the
left edge, from the bottom corner to the top corner. The positive
Y axis is defined according to the right-hand rule, i.e. along the
container.
In the phase two analyses, the entire CRU is subdivided into three
substructures. The first one, the frame assembly, consists of a
four-sided perimeter edge where the unit mounting holes are
located, the structural horizontal channel and X-shaped cross
members, and the
reinforcement gussets and the braces for the upper
and lower corners respectively, of the frame. Figure 4.10 shows
the finite element model of the frame
assembly. This frame
assembly constitutes
the main structural part of the refrigeration
unit. There are 317 shell elements in the frame assembly
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FIGURE 4.9
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1 Bottom Angle 0.38
2 Top Angle 0.38
3 Left Angle 0.38
4 Right Angle 0.38
5 Horizontal Channel 0.25
6 X-Member (Front and Back) 0.25
7 Not Used
8 Corner Gusset 0.25
9 Lower Gusset 0.75
10 X-Member (Side) 0.5
11 Bottom Angle Assembly 0.125
12 Left Wrapper 0.125
13 Right Wrapper 0.125
14 Back Wrapper 0.125
15 Middle Angle Assembly 0.125
16 Middle Angle Assembly with
Back Wrapper
0.25
17 Panel Assembly 0.125
PID = Physical Property Identification
Number
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substructure. 70 nodes (420 degrees of freedom) are specified as
the master degrees of freedom, the purposes of which are specifying
the boundary constraints to the model and coupling of the frame
assembly to the other substructures at the system level. The
wrapper section of the unit forms the second substructure. The
compressor, condenser coil, condenser fan and motor, and the
discharge side of the refrigeration system are mounted to this
section of the unit. It is idealized by 212 shell elements of 0.12
inch thick aluminum. The number of master degrees of freedom
specified for the coupling between this substructure to the other
substructures is 228. Figure 4.11 shows the finite element model
of the second substructure. The third substructure is the panel
assembly of the unit. This section of the unit is manufactured
from the same material of the second substructure, the 0.12 inch
thick aluminum. The evaporator coil, evaporator fans and motors,
defrost heaters, and the thermal expansion valve of the system are
supported by this panel assembly in the real unit. The three
openings in the panel assembly are the inspection windows and the
service access doors to the back side of the unit. There are
totally 196 shell elements defined in this substructure. 54 nodes
(324 degrees of freedom) are specified as the master degrees of
freedom for the coupling to the other two
substructures. Figure
4.12 shows the finite element model of the third substructure.
Summarized in Table 4.4 are the numbers of master degrees of
freedom of each substructure, specified
for boundary constraints





Substructure Constraints Substr. Connection Total
Subl (Frame) 192 66 (to Sub2)
162 (to Sub3)
420
Sub2 (Wrapper), 66 (to Subl)
166 (to Sub3)
228
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FIGURE 4.12
FINITE ELEMENT MODEL OF THE THIRD SUBSTRUCTURE, WRAPPER SECTION
cc Z.
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Discussions of Experimental Analysis
A base for the comparison of natural frequencies with the results
from finite element analysis is established by the investigator by
conducting a vibration test of the Container Refrigeration Unit
frame to determine the natural frequencies of the real life model.
The hydraulically driven MTS 892 test system, consisting of
vertical and horizontal shaker tables, the control console and the
integrated power supply system, is used for the vibration test.
Three ICP transducers are used to measure the acceleration levels
of the test frame. They are installed near the lower (#1 Accel.),
middle (#2 Accel.), and top (#3 Accel.) center of the frame
structure. The test sample is rigidly installed to a steel fixture
and the whole frame and fixture assembly is mounted on the shaker
table. Figure 4.13 shows the setup for the unit vibration test.
Sine sweeps are performed at a constant + 0.5 G's (peak) table
input from 2.5 Hz to 40 Hz, at a rate of 0.1 Hz per second
ascending and descending for each of the three vertical, horizontal
and fore/aft orientations. All natural frequencies are indicated
by the amplification of accelerometer outputs with
respect to the
0.5 G's shaker table input. Figure 4.14 illustrates the response
of the CRU frame structure based on the vibration test.
Table 4.5 lists the first ten natural
frequencies recorded from the
vibration test which will be compared with
the analytical results.
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It shall be noticed that all of the first ten natural frequencies
found by the vibration test occurred in the fore/aft direction,
i.e. along y axis in the global coordinate system in which the FEA
model is defined. This test result is anticipated due to the fact
that the unit frame structure has the lowest stiffness in the
fore/aft direction, where lower natural frequencies will most
likely exist.
Table 4.5
CRU Vibration Test Data
Mode number Natural Frequency Direction
1 6.92 Fore/Aft (y)
2 6.93 Fore/Aft (y)
3 8.20 Fore/Aft (y)
4 11.30 Fore/Aft (y)
5 11.40 Fore/Aft (y)
6 11.90 Fore/Aft (y)
7 12.10 Fore/Aft (y)
8 13.30 Fore/Aft (y)
9 13.90 Fore/Aft (y)
10 14.50 Fore/Aft (y)
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FIGURE 4.13
CRU FRAME VI3RATI0N TEST SETUP
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FIGURE 4.14
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FEA Results and Discussions
A bench mark of analytical results is established by running a
direct free vibration modal analysis of the Container Refrigeration
Unit frame structure using ANSYS (KAN = 2 in ANSYS). Table 4.6
summarizes the results from the modal analysis and also includes
the results from the vibration test (Table 4.5). The last column
of Table 4.6 lists the percent frequency error when comparing the
direct modal analysis results to the vibration test data. The
total CPU time used by running the modal analysis is 1503.65, out
of which 131.65 is corresponding to preprocessor (PREP7 in ANSYS)
and 1372.0 is used in the solution phase.
Table 4.6
Direct FEA Modal Analysis Data
Mode Number Natural Freouencv
Test Data FEA Modal
Percent Frequency
error
1 6.92 7.43 7.37
2 6.93 7.78 12.27
3 8.20 11.55 40.85
4 11.30 12.26 8.50
5 11.40 14.50 27.19
6 11.90 15.77 32.52
7 12.10 15.88 31.24
8 13.30 18.26 37.29
9 13.90 22.51 61.94
10 14.50 23.87 64.62
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In the second phase of the case study, the Container Refrigeration
Unit model is subdivided into three substructures, it is mentioned
earlier in this section that there is a certain amount of master
degrees of freedom chosen to each substructure for the
interconnection to the other substructures and for the applying of
system boundary constraints. These types of master degrees of
freedom are called the "inherent" master degrees of freedom. In
substructure modal analysis, which is a form of dynamic analysis,
enough degrees of freedom to correctly represent the mass
distribution of the model should also be specified as master
degrees of freedom. The master degrees of freedom for such
purposes are called the "mass" master degrees of freedom. To
specify the mass master degrees of freedom, an appropriate number
is assigned to each substructure by the TOTAL command in the
generation pass (KAN = 7 in ANSYS) . The analysis accuracy and
computer CPU time are affected by the number of master degrees of
freedom specified to the model, due to the changes of mass
distribution characteristics and the problem size. The effects of
varying the quantity of master degrees of freedom on the accuracy
and efficiency of substructure dynamic analysis are investigated in
phase two of the case study.
The first substructure run involves the substructure analysis of
the system by using only the inherent master degrees of freedom.
The objective of this run is to learn how accurate the analysis
outcome would be when substructuring modal analysis is performed
for a complex structure without any of the mass master degrees of
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freedom specified. The other purpose is to find the quantity of
the degrees of freedom being discarded in comparison with the
number of degrees of freedom in the basic modal analysis when the
substructuring technique is employed. Assorted percentages of the
discarded degrees of freedom are then added to the model as master
degrees of freedom in the subsequent substructure runs. The
numbers of degrees of freedom, the analysis results and computer
time for the 0% mass master degrees of freedom run are summarized
in Table 4.7.
The total number of discarded degrees of freedom, 4254, in the
substructure run with 0% mass master degrees of freedom is
discovered by adding up all the numbers of the active degrees of
freedom in each of the three substructures. 2.5%, 5%, and 10% of
these discarded degrees of freedom are then evenly distributed to
each substructure as master degrees of freedom in each of the
subsequent substructure runs. The number of mass master degrees of
freedom for each substructure is calculated from the attribution of
the discarded degrees of freedom from that substructure to the
overall discarded degrees of freedom from all three substructures.
The sum of the calculated number of mass master degrees of freedom
and the inherent master degrees of freedom is then defined as the
total number of master degrees of freedom by the TOTAL command in
the generation pass of the that substructure. No substructure runs
with more than 10% of the discarded degrees of freedom is
attempted, due to the
limitation of computer capacity and the
convergence of the solutions of the phase two substructure runs.
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The'
results of substructure runs with 2.5%, 5%, and 10% mass master
degrees of freedom are listed in Tables 4-8, 4-9 and 4-10.
The accuracy resulting from different computer runs are reviewed by
examining the deviation of their solutions from the vibration test
data. All the outcomes from the substructure analyses, with the
exception for the case of 0% mass master degrees of freedom, are
more accurate than the results from the basic modal analysis.
These results coincide with those obtained when the simple models
were investigated previous ly-
Large errors are observed from the results of the substructure run
using 0% of mass master degrees of freedom. The errors are
attributed to the inadequate mass distribution representation of
the structure. It is the confirmation of the necessity of mass
master degrees of freedom when substructure technique is employed
in the finite element dynamic analysis.
Comparison is made among the three runs in which the different
amount of mass master degrees of freedom are assigned. There is no
significant advantage between the results of specifying 2.5% mass
master degrees of freedom and 5% mass master degrees of freedom.
Some percent frequency errors of 2.5% mass master degrees of
freedom runs are less than those of the 5% runs, and vice versa.
Solutions from 10% mass master degrees of freedom runs, seemingly,
demonstrate slightly better
results than among the other two. All
the frequencies, except for
modes 5 and 7, obtained by adding 10%
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Table 4.7









# of Inherent MDOFs 420 228 324
# of Mass MDOFs 0 0 0
# of Total MDOFs 420 228 324
# of Active DOFs i908 1230 1116 380
Total DOFs 2328 1458 1440 380
PREP7 CPU Time 24.03 16.33 16.59 11.72
RUN CPU Time 776.87 278.37 284.04 146.49
Total CPU Time 800.90 294.70 300.63 158.21
Natural Frequency 1 7.04
Natural Frequency 2 13.18
Natural Frequency 3 15.17
























# of Inherent MDOFs 420 228 324 ... |
# of Mass MDOFs 48 31 28
# of Total MDOFs 468 259 352
# of Active DOFs 1860 1199 1088 487
Total DOFs 2328 1458 1440 487
PREP7 CPU Time 23.91 16.58 16.66 11.53
RUN CPU Time 967.06 330.49 337.84 199.41
Total CPU Time 990.97 347.07 354.50 210.94
Natural Frequency 1 7.15
Natural Frequency 2 7.36
Natural Frequency 3 7.82
Natural Frequency 4 11.93
Natural Frequency 5 12.90
Natural Frequency 6 14.34
Natural Frequency 7 14.45
Natural Frequency 8 14.78
Natural Frequency 9 14.98
Natural Frequency 10 ... 15.45
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Table 4.9









# of Inherent MDOFs 420 228 324
# of Mass MDOFs 96 61 56
# of Total MDOFs 516 289 380
# of Active DOFs 1812 1169 1060 593
Total DOFs 2328 1458 1440 593
PREP7 CPU Time 24.02 16.49 16.68 11.18
RUN CPU Time 1158.27 388.97 392.07 252.01
Total CPU Time 1182.29 405.46 408.75 263.19
Natural Frequency 1 7.11
Natural Frequency 2 7.21
Natural Frequency 3 7.66
Natural Frequency 4 12.74
Natural Frequency 5 12.82
Natural Frequency 6 12.94
Natural Frequency 7 14.36
Natural Frequency 8 15.75















# of Inherent MDOFs 420 228 324
# of Mass MDOFs 191 123 111
# of Total MDOFs 611 351 435
# of Active DOFs 1717 1107 1005 805
Total DOFs 2328 1458 1440 805
PREP7 CPU Time 24.21 17.10 17.14 11.71
RUN CPU Time 1669.77 534.03 516.32 430.96
Total CPU Time 1693.98 551.13 533.46 442.67
Natural Frequency 1 7.11
Natural Frequency 2 7.18
Natural Frequency 3 8.52
Natural Frequency 4 11.55
Natural Frequency 5 12.57
Natural Frequency 6 12.63
Natural Frequency 7 13.74






mass master degrees of freedom are found to be within 10% error
when compared with those from the vibration test. Refer to Table
4.11 for the details of percent frequency errors from individual
computer runs.
Table 4.11
Percent Frequency Errors for the Substructure Runs
Mode No. Run 1(0%) Run 2(2.5%) Run 3(5%) Run 4(10%)
1 1.73 3.32 2.75 2.75
2 90.19 6.20 4.04 3.61
3 85.00 4.63 6.59 3.90
4 70.35 5.58 12.74 2.21
5 105.88 13.16 12.46 10.26
6 110.59 20.50 8.74 6.13
7 124.79 19.42 18.68 13.55
8 113.38 11.13 18.42 6.54
9 125.04 7.77 26.76 3.38
10 150.62 6.55 41.24 9.24
The overall computer time used for any of the substructure analyses
is higher than the overall computer time used for basic modal
analysis. The majority (over 50%) of the CPU time in any of the
substructure case studies was used by the generation of the first
substructure (frame assembly) . This is caused by the peculiar
shape of the Frame substructure defined. In ANSYS, the preferred
approach of processing the elements is in the lengthwise direction,
in order to increase the efficiency of the frontal equation solver.
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This rule is disobeyed by the configuration of the objective model
such that the wavefront matrix size is significantly increased. It
should be emphasized, however, that the CPU time used in the use
pass of the substructure analysis is much less than that used in
the solution for the basic modal analysis. Substructuring methods
can be utilized to save CPU time in the situation of analyzing a
complicated structure for which several design variations are





For the day-to-day engineering design work, it is frequently
required for some engineers to determine the dynamic behavior of a
structure, such as the natural frequencies and mode shapes. The
knowledge of the dynamic response is not only helpful in the
pre-
prototype design stage to predict the structure's performance, but
also can be used to correlate the data from the experimental
vibration testing. The modal analysis associated with finite
element analysis functions the best to acquire this information.
A method of finite element analysis which allows the modal analysis
solutions of very large size structures to be obtained by solving
an eigenvalue problem much smaller in size than that of the actual
structural model has been described in this paper. Different modal
synthesis methods developed in the past that implement
substructuring techniques have been presented. The criteria for
evaluating the strong and weak points of any
substructure approach
have also been introduced in this investigation. Although a
detailed comparison of various substructure methods has not been
done within the scope of this paper, it is hoped that the
presentation of this investigation will facilitate future studies
of substructuring techniques.
Modal analyses of an aluminum plate, an aluminum plate with steel
beams and a container refrigeration unit frame
structure have been
executed. These case studies form the
base for studying the
effectiveness of different amounts
of mass distribution
representations of the finite element models
to the accuracy of
analysis solutions. The
ANSYS finite element analysis program is
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used for the case studies. In ANSYS, mass condensation
implementing the Guyan reduction technique is directly used to
solve the dynamic substructuring problems.
An important lesson learned from the case studies is that, for
ANSYS, the substructuring analysis can render better solutions than
those from the conventional method for the modal analysis of
identically meshed models for both the simple and complex
structural systems, provided that each of the substructures have
appropriate representations of the mass distribution. The mass
master degrees of freedom are used to characterize the mass
distribution throughout the rest of the structure. Other master
degrees of freedom are reserved for the substructure boundaries,
constraints and load points. Large errors are introduced for the
dynamic substructure analysis when 0% mass master degrees of
freedom is specified. The mass master degrees of freedom are not
required for the static substructure analysis.
It is observed that there is no direct relationship between the
solution accuracy with the increase of master degrees of freedom.
For the same model, a certain amount of master degrees of freedom
added to the system may be favorable for the solutions of some
particular modes. By the same token, it may introduce less
accurate solutions for the other modes in comparison to the
solutions with a different amount of mass master degrees of freedom
specified. For a certain amount of mass master degrees of freedom
introduced, the wave front of ANSYS program will generate those
master degrees of freedom at certain locations, based on the
stiffness-mass ratio criteria. Therefore, a particular mass
distribution pattern of the structure is formed. This formed mass
distribution pattern may simulate the actual structure better for
some mode shapes than others and
provide less accurate mass
84
distribution for the other mode shapes compared to those with other
mass distribution patterns. One extreme example is that the
computer runs with 0% mass master degrees of freedom sometimes
yield slightly better solutions for the first or second modes than
those with some mass master degrees of freedom added. However, the
value of the solution difference of such an exception is very
insignificant.
It is found that to run the modal analysis using substructures by
ANSYS takes more computer CPU time than the conventional method for
both the simple and complicated structures under investigation.
Computer time will increase if the model represents more
complicated shapes or the number of common boundary points between
substructures is increased. CPU time also increases with the
growth of the number of mass master degrees of freedom for the same
model. In general, substructuring can not be used as a computer
time saving technique for solving dynamic problems by ANSYS.
Computer time saving may only be achievable for some special cases
when using substructures in ANSYS dynamic analysis. For instance,
if a structure has a repetitive configuration, only one typical
substructure needs to be generated for the identical parts of the
whole structure. The CPU time required by the wave front solver
for the generation of all substructures can be greatly reduced.
The reduction of substructure boundary degrees of freedom to be
carried to the system level is another way of saving CPU time.
Structures representing longitudinal shapes have the potential of
this type of saving.
In summary, substructuring
is a technique in finite element
analysis developed primarily for the purpose of solving mechanical
problems which are too large for the
available computer system to
85
handle. Conventional methods sometimes experience a reduction in
accuracy due to the large dimension of the associated eigenvalue
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bottom angle assembly, real=ll
wrapper, feal = 12, 13, 14




























n, 2, 4. 625
n, 14, 75. 125
fill
n, 15,79. 75
n, 21, 1, , 1
ngen, 2, 20, 2, 14, :
n,35, 78. 75, , 1
n,41, 4. 25, , 4. 25
n, 44, 18, , 4. 25
fill
n, 45, 22. 24,
n, 51, 57 51,
fill
n, 52, 61. 75,
n, 55, 75. 68,
fill
ngen, 2, 20, 41, 55, 1, , 1. 06
n, 16,79. 75, 1. 06
n,36, 78. 75, 1. 06, 1
n, 17,0, 1. 06
n,37, 1, 1. 06, 1
real, 1
e, 1,2,22, 21
egen, 14, 1, -1
egen# 3, 20, -14
e, 1,21, 37, 17
e,21, 41, 61, 37
e, 15, 35, 36, 16
e, 35, 55, 75, 36
/com, 'top
local, 11, 0, 0, 0, 44






e, 101, 102, 82, 81
egen, 14, 1, -1
egen, 3, 20, -14
e,81, 101, 117, 97
e, 101, 121, 141, 117
e,95, 115, 116, 96 89








e, 115, 135, 155, 116
/com,
csy s
n, 162, , , 2. 875
n, 164, , , 14. 625
fill
n, 165, , , 18
n, 166, , , 22. 24
n, 167, , , 26. 375
n, 169, , , 38. 125
fill
n, 171, , , 49. 875
fill, 169, 171
n, 173, , , 53. 125
fill, 171, 173
n, 174, , , 58. 375
n, 175, , , 61. 625
n, 177, , , 73. 375
fill
n, 179, , , 83. 625
fill, 177, 179
ngen, 2, 20, 162, 179, 1, 1
n, 205, 4. 25, , 18
fill, 41, 205, 3, 202, 1
n,206, 4. 25, , 22. 25
n, 207, 4. 25, , 26. 375
n,209, 4. 25, , 40. 512
fill
n, 211, 4. 25, , 48. 375
n,210, 4. 25, , 45. 259
n. 212.4. 25, , 51. 375





n, 218, 4. 25, , 76. 25
n, 219, 4. 25, , 82
ngen, 2, 20, 202, 219, 1.
real, 3
e, 1, 21, 182, 162
egen, 3, 20, -1
e, 162, 182, 183, 163
egen, 3, 20, -1
egen, 17, 1, -3
e, 179, 199, 101, 81
egen, 3, 20, -1
/com,
local, 11, 0, 39. 875, 0, 0
symm, 1, 80, 162, 239, 1
real, 4
e,35, 15, 242, 262
egen, 3, 20, -1
e, 262, 242, 243, 263
egen, 3, 20, -1
egen, 17, 1, -3
e,279, 259, 95, 115
egen, 3, 20, -1
/com,
nfSIs, 15. 557, 1. 125, 50. 875
n, 327, 29. 465, 1. 125, 50. 875
fill
n, 331, 50. 305, 1.
fill, 327, 331
n,333, 64. 193, 1.
fill, 331, 333
ngen, 2, 20, 325, 333, 1, , -1. 125
n,365, 17. 878, , 53
ngen, 2, 20, 346, 352, 1, , , 2. 125
n,373, 61. 876, , 53
ngen, 2, 20, 365, 373, 1, , 1. 125
real, 5
e, 325, 326, 346, 345
egen, 8, 1,-1
egen, 3, 20, -8
































egen, 2, 2, -1
e, 405, 44, 45, 406
e,285, 286, 412, 411
e, 411, 412, 414, 413
egen, 2, 2, 1























































fill, 373, 434, 3, 431.
fill, 374, 444, 3, 441. 1
fill, 435, 126, 1, 436
fill, 445, 127, 1, 446
ngen, 2, -10, 431, 436, 1,
ngen, 2, 10, 441, 446, 1, ,
fill, 364, 435, 3, 481, 1
fill, 445, 129, 1, 484
fill, 365, 434, 3, 491, 1
fill, 444, 130, 1, 494
ngen, 2, -10, 481, 484. 1,
ngen, 2, 10, 491, 494, 1, ,
ngen, 2, 1892, 209, 210, 1,
fill, 2101, 325, 1, 2103
fill, 2102, 324, 1, 2104
fill, 209, 345, 1. 2105
fill. 210, 344, 1,2106
ngen, 2, 1818, 289, 290, 1.
fill, 2107, 333, 1. 2109
fill. 2108, 334, 1, 2110
fill, 289, 353, 1. 2111
fill. 290, 354, 1, 2112
real, 10
e,373, 393, 421, 431
real, 6
e, 373, 374, 441, 431
real, 10
e,374, 394, 451, 441
e, 422, 421. 431, 432
egen, 5, 1, -1
egen, 2, 20, -5
real, 6
e,431, 441, 442, 432
egen, 5, 1, -1
real, 10
e, 146, 426, 436, 126
real, 6
e, 126, 436, 446, 127
real, 10
e, 127, 446, 456, 147
e,471, 384, 364, 481
real, 6












e, 491, 365, 385, 501
e, 472, 471, 481, 482
egen, 2, 20, -1
egen, 2, 1.-2
real, 6
e, 482, 481, 491, 492
egen, 2, 1, -1
real, 10
e, 425, 435, 445, 455
e, 424, 434, 444, 454
e, 425, 473, 483, 435
real, 6
e, 435, 483, 493, 434
real, 10
e, 434, 493, 503, 424
e, 474, 455, 445, 484
real, 6
e, 484, 445, 444, 494
real, 10
e, 494, 444, 454, 504
e, 149, 474, 484, 129
real, 6
e, 129, 484, 494, 130
real, 10
e, 130, 494, 504, 150
real, 10
e, 229, 2101, 2103
e, 209, 229, 2103, 2105
e, 2105, 2103, 325, 345
e, 344, 324, 384, 364
egen, 2, 1,-1
e, 230, 2102, 2104
e, 210, 230, 2104, 2106
e, 2106, 2104, 324, 344
real, 6
e, 210, 209, 2105, 2106
e, 2106, 2105, 345, 344
e, 344, 345, 365, 364
real, 10
e, 309, 2109, 2107
e, 289, 2111, 2109, 309
e, 2111, 353, 333, 2109
e, 333, 353, 373, 393
egen, 2, 1,-1
e,310, 2110, 2108
e, 290, 2112, 2110, 310
e, 2112, 354, 334, 2110
real, 6
e, 290, 2112, 2111, 289
e, 2112, 354, 353, 2111
e, 354, 374, 373, 353
/com,
n, 215, 4. 25, , 62. 38
n, 214, 4. 25, , 56. 72
ngen, 2, 20, 214, 215, 1, , 1. 06
n, 364, 13. 157, , 53. 703
n, 384, 13. 157, 1. 125, 53. 703
fill. 214, 344, 1, 2121
fill, 215, 364, 1, 2122
fill, 234, 324, 1, 2123
fill, 235, 384, 1. 2124
real, 10
e, 324, 344, 2121, 2123
e, 2123, 2121, 214, 234
e, 384, 364, 2122, 2124
e, 2124, 2122, 215, 235
real, 6
e, 344, 364, 2122, 2121
e,2121, 2122,215, 214
n, 295, 75. 5, , 62. 38
n, 294, 75. 5, , 56. 72
ngen, 2, 20, 294, 295, 1, , 1. 06
n, 374, 66. 593, , 53. 703
n, 394, 66. 593, 1. 125, 53. 703




fill, 295, 374, 1, 2126
fill. 314, 334, 1, 2127
fill, 315, 394, 1, 2128
real, 10
e, 354, 334, 2127, 2125
e, 2125, 2127, 314, 294
e, 374. 394, 2128, 2126
e, 2126, 2128, 315, 295
real, 6
e, 374, 354, 2125, 2126
e, 2126, 2125, 294, 295
/con)'. bottom angle, wrapper, and middle angle
n, 801
n, 802, 1
n, 803, 4. 625
ngen, 7, 2, 803, 803, 1. 11. 75
fill, 803, 805, 1, 804, 1
rp6, 2, 2, , 2
n, 816, 78. 75
n, 817, 79. 75
n, 821, , , 2. 875
n, 822, 1, , 2. 875
ngen, 2, 20, 803, 815, 1, , , 1
n, 836, 78. 75, , 2. 875
n, 837, 79. 75, , 2. 875
n, 841, , , 4. 250
n, 842, 1, , 4. 250
n, 843, 4. 625, , 4. 250
n, 845, 16. 375, , 4. 250
fill
n, 847, 29. 465, , 4. 250
fill, 845, 847
n, 849, 39. 875, , 4. 250
fill, 847, 849
n, 851, 50. 285, , 4. 250
fill, 849, 851
n, 853, 63. 375, , 4. 250
fill, 851, 853
n, 855, 75. 125, , 4. 250
fill, 853, 855
n,856, 78. 75. , 4. 250
n, 857, 79. 75, , 4. 250
ngen, 3, 20, 841, 857, 1, , 5. 2500
ngen, 2, 20, 881. 897, 1, , 4. 625
ngen, 3, 80, 841, 857, 1, , , 5. 125
rp4, , , 20, 20
ngen, 3, 20, 1001, 1017, 1, , 5. 2500
ngen, 2, 20, 1041, 1057, 1. , 4. 625
ngen, 4, 80, 1001, 1017, 1, , , 5. 875
rp4, , , 20, 20
n, 1321, , ,38. 125
n, 1322, 1. ,38. 125
n, 1323, 4. 625, , 41. 125
ngen, 2, 80, 1243, 1255, 1, , , 8. 875
rp4, , , 20, 20
n, 1336, 78. 75, , 38. 125
n, 1337, 79. 75, , 38. 125
n, 1481, , ,48. 375
n, 1482, 1, ,48. 375
ngen, 2, 160, 1323, 1335, 1, , , 7. 25
n, 1496, 78. 75, , 48. 375
n, 1497, 79. 75, , 48. 375
ngen, 3, 20, 1481, 1497, 1, , 1. 655
fill. 1343, 1503, 1, 1423
rpl3, 1, 1, , 1
fill, 1363, 1523, 1, 1443, 1
rpl3, 1, 1, , 1
fill, 1321, 1481, 1. 1401
rp3, 1, 1, , 1
fill, 1335, 1495, 1, 1415
rp3, 1, 1, , 1
^
nTll27, 29. 465, 10. 500, 21. 875
n, 1131, 50. 285, 10. 500, 21. 875
fill
ngen, 2, 20, 1127, 1131, 1, , 4 625
ngen, 2, 80, 1127, 1131. 1. , , 4. 75
93
/prep7
ngen, 2, 20, 1207, 1211, 1, , 4. 625
/com, - bottom angle
real, 11 ? t=0. 125
e, 801, 802, 822, 821
egen, 16, 1, -1
egen, 2, 20, -16
e, 863, 843, 844, 864
egen, 2, 20, -1
egen, 12, 1. -2
e, 907, 887, 888, 908
egen, 4, 1,-1
/com, wrapper left
real, 12 * t=0 125
e, 841, 842, 922, 921
egen, 2, 1,-1
egen, 8, 80, -2
e, 843, 863,943, 923
egen, 2, 20, -1
egen, 8, 80, -2
e, 883, 884, 964, 963
egen, 4, 1, -1
egen, 6, 80, -4
/com, wrapper right
real, 13 * t=6. 125
e, 855, 856, 936, 935
egen, 2, 1,-1
egen, 8, 80, -2
e,855, 875,955, 935
egen, 2, 20, -1
egen, 8, 80, -2
e, 891, 892, 972, 971
egen, 4, 1, -1
egen, 6, 80, -4
/com, wrapper back
real, 14 * t=0. 125
e, 907, 887, 967, 987
egen, 6, 80, -1
egen, 2, 4, -6
e, 907, 908, 988, 987
egen, 4, 1, -1
egen, 3, 80, -4
e, 1227, 1228, 1308, 1307
egen, 4, 1, -1
egen, 2, 80, -4
/com, middle angle
real, 15 * t=0. 125
e, 1207, 1208, 1228, 1227
egen, 4, 1,-1
real, 16 * t=0. 25
e, 1147, 1148, 1228, 1227
egen, 4, 1, -1
/com, panel assembly
n, 2581, 0, , 88
n, 2583, 4. 625, , 88
n,2595, 75. 125, , 88
fill
n, 2597, 79. 75, , 88
n, 2602, 1, , 87
ngen, 2, 20, 2583, 2595, 1, , , -1
n, 2616, 78. 75, , 87
ngen, 2, 40, 2584, 2594, 1. , , -4. 25
n.2641, , , 83. 625
n, 2642, 1. , 83. 625
n, 2643, 4. 625, , 83. 625
n, 2644, 11. 875, , 82. 5
n, 2647, 28. 875, , 82. 5
fill
n, 2651, 50. 875, , 82. 5
fill, 2647, 2651
n, 2654, 67. 875, , 82. 5
fill, 2651, 2654
n, 2655, 75. 125, , 83. 625
n, 2656, 78. 75, , 83. 625
n, 2657, 79. 75, , 83. 625
n,2681, , , 73. 675
fill, 2641, 2681, 1. 2661
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/pr ep7
n,2721, , , 61. 625
fill, 2681, 2721, 1. 2701
n, 2741, , , 58. 375
n,2781, , ,48. 375
ngen, 2, 1, 2661, 2741, 20, 1
ngen, 2, 15, 2661, 2741, 20, 78. 75
nqen, 2, 16, 2661, 2741, 20, 79. 75
ngen, 2, 2, 2661, 2741, 20, 4. 625
ngen, 2, 14, 2661, 2741, 20, 75. 125
n/2704, 11. 875, , 68. 5
fill, 2644, 2704, 2, 2664, 20
n, 2707, 28. 875, , 68. 5
fill. 2704, 2707
fill, 2647, 2707, 2, 2667, 20
n, 2668, 32. 9525, , 79. 605
n,2669, 40. 131, , 77. 910
n, 2670, 47. 025, , 79. 65
n, 2708, 31. 326, , 69. 846
fill, 2668, 2708, 1, 2688
n,2690, 42. 713, , 75. 55
n, 2689, 39. 875, , 75. 43
n, 2710, 48. 798, , 69. 913
n, 2709, 39. 875, , 69. 416
n,2711, 50. 875, , 68. 5
fill, 2651. 2711. 2, 2671. 20
n,2714, 67. 875, , 68. 5
fill. 2711, 2714
fill, 2654, 2714, 2, 2674, 20
n, 2764, 12. 698, , 53. 000
n, 2765, 17. 878, , 53. 000
fill, 2704, 2764, 2, 2724, 20
n, 2745, 18. 907, , 58. 615
fill, 2705, 2745, 1, 2725
n,2726, 25. 116, , 64. 231
n,2761, 0, , 53
n,2762 1, , 53. 000
n,2776, 78. 75, , 53. 000
n, 2777, 79. 75, , 53
n, 2775, 75. 500, , 53. 000
n, 2763, 4. 250, , 53. 000
n, 2797, 79. 75, , 50. 875
n,2781, , , 50. 875
n,2783, 4. 25, , 50. 875
n, 2785, 16. 375, , 50. 875
fill
_=
n, 2787, 29. 875, , 50. 875
fill, 2785, 2787
n, 2791, 48. 875, , 50. 875
fill, 2787, 2791
n, 2793, 63. 375, , 50. 875
fill, 2791, 2793
n, 2795, 75. 125, , 50. 875
fill, 2793, 2795
m nn
fill, 2726, 2786, 2, 2746, 20
n, 2727, 29. 875, , 62
n, 2767, 29. 875, , 53
fill, 2727, 2767, 1, 2747
n,2731, 49. 875, , 62
fill, 2727, 2731
n, 2771, 49. 875, , 53
fill, 2767, 2771
_=4
fill, 2731. 2771. 1.2751
n, 2732, 54. 882, , 64. 275
n, 2753, 60. 967, , 58. 638
n,2773, 61. 876, , 53. 000
n, 2774, 67. 052, , 53. 000
fill, 2732, 2792, 2, 2752, 20
fill, 2714, 2774, 2, 2734, 20
fill, 2713, 2753, 1, 2733
n, 2782, 1, , 50. 875
n, 2796, 78. 75, , 50. 875 .=Q 125
real, I7
.=..
e, 2602, 2603, 2583, 2581
e, 2603, 2604, 2584, 2583
egen, 12, 1, -1
-
e, 2615, 2616, 2597, 2595
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/prep7
e, 2641. 2642, 2602, 2581
e, 2642, 2643, 2603, 2602
e, 2643, 2624, 2604, 2603
e, 2624, 2625, 2605, 2604
egen, 10, 1, -1
e, 2634, 2655, 2615, 2614
e, 2655, 2656, 2616, 2615
e, 2656, 2657, 2597, 2616
e, 2643, 2644,2624
e, 2644, 2645, 2625, 2624
egen, 10, 1, -1
e, 2654, 2655, 2634
e, 2661. 2662, 2642, 2641
egen, 3, 1,-1
egen, 5, 20, -3
e, 2667, 2668, 2648, 2647
egen, 4, 1, -1
egen, 4, 20, -4
e, 2674, 2675, 2655, 2654
egen, 3, 1, -1
egen, 5, 20, -3
e72724, 2725, 2705, 2704
egen, 3, 1, -1
egen, 3, 20, -3
e72731. 2732, 2712, 2711
egen, 3, 1, -1
egen, 3, 20, -3
e, 2761, 2762, 2742, 2741
e, 2762, 2763, 2743, 2742
egen. 2, 1,-1
e72781, 2782, 2762, 2761
e, 2782, 2783, 2763, 2762
e, 2783, 2784, 2764, 2763
egen, 12, 1, -1
e72795, 2796, 2776, 2775
e, 2796, 2797, 2777. 2776
e, 2774, 2775, 2755, 2754
egen, 2, 1, -1
e, 2776, 2777, 2757, 2756
e, 1481, 1482, 2782, 2781
egen, 16, 1, -1
e. 1503, 1483, 1484, 1504
egen, 2, 20, -1
egen, 12, 1, -2
e, 1363, 1364, 1444, 1443
egen, 12, 1, -1
egen, 2, 80, -12
1387, 1367. 1368, 1388
4lil=i===:=============== coupling to simulate the welding
/com, --
bottom angle with bottom angle assembly
cp, 49, ux, 41, 843
cplgen, 49, uy,uz,rotx,roty,rotz
cp, 55, ux, 44, 845
^
cplgen, 55, uyuz,rotx,roty.rotz
cpsgen, 3, 4, 55, 60, 1
cp, 55. ux, 55, 855
^j9fnl!l^l^i:*H---^---Z
top angle with panel
cp, 139, ux, 121, 2643
cplgen, 139, uu, uz,rotx,roty,rotz
cp, 145, ux, 124, 2625
cplgen, 145, uu, uz,rotx,roty,rotz
cpsgen, 3, 4, 145, 150, 1
cp, 175, ux, 135,2655
^JSf"!!!!!^!^!^!!!:-^---*2
left angle with wrapper







C/rirn'21~-^--------"--~~ left angle with panel
/com,
__


































c p , 367
cp lgen
c p , 373
cp lgen

































u x , 284
283, uy




















































































































1, 0, , 14,2
11,0, , 94, 2
all. 0, , 164,
all, 0, , 179,
all.O, ,244,











right angle with panel





























et, 1, 63 ?shell
mp, ex, 1, 10e6 ? aluminum
mp, dens, 1, 2. 5e-4
mp, nuxy , 1, 0. 33
/com, real constant
?set, ang 1, 0. 38 * for angle, real = l,2,3,4
?set, chnl, 0. 25 * for horizontal channel, real=5, 7; 6 web of strut
?set, gust, 0. 25 ? for corner gusset, real=8
?set, lgst, 0. 75 ? for lower gusset, real=9
?set, strt, 0. 5 ? for strut (x-channel), real = 10
r, 1. ang 1
r. 2, ang 1
r. 3, ang 1









n, 2, 4. 625
n, 14, 75. 125
fill
n, 15, 79. 75
n, 21, 1, , 1
ngen, 2, 20, 2, 14, 1, , , 1
n, 35, 78. 75, , 1
n, 41, 4. 25, , 4. 25
n, 44, 18, , 4. 25
fill
n, 45, 22. 24, , 4. 25
n, 51, 57 51. , 4. 25
fill
n, 52, 61. 75, , 4. 25
n, 55, 75. 68, , 4. 25
fill
ngen, 2, 20, 41, 55, 1, , 1. 06
n, 16, 79. 75, 1. 06
n, 36, 78. 75, 1. 06, 1
n, 17, 0, 1. 06
n, 37, 1, 1. 06, 1
real, 1 * t=0. 38
e, 1,2,22, 21
egen, 14, 1, -1
egen, 3, 20, -14
e, 1,21,37, 17
e, 21, 41, 61. 37
e, 15, 35, 36, 16
e, 35, 55, 75, 36
/com, top angle
local, 11, 0, 0, 0, 44
symm, 3, 80, 1, 75, 1
L
_
real, 2 * t=0. 38
e, 101, 102, 82, 81
egen, 14, 1, -1
egen, 3, 20, -14
e, 81, 101, 117. 97
e, 101, 121, 141, 117
e, 95, 115, 116, 96




n, 162, , , 2. 875
n, 164, , , 14. 625
fill










n, 171, , , 49. 875
fill, 169, 171

























ngen, 2, 20, 162, 179, 1,
n, 205, 4. 25, , 18
fill, 41, 205, 3, 202, 1
n, 206, 4. 25, , 22. 25
n, 207, 4. 25, , 26. 375
n, 209, 4. 25,
fill
n, 211, 4. 25,
n, 210, 4. 25,
n, 212, 4. 25,
n, 213, 4. 25,
n, 214, 4. 25,
n, 215, 4. 25,
n, 217, 4. 25,
fill
n, 218, 4. 25,
n, 219, 4. 25,
ngen, 2, 20, 202, 219.
real, 3
e, 1, 21, 182, 162
egen, 3, 20, -1
e, 162, 182, 183, 163
egen, 3, 20, -1
egen, 17, 1, -3
e, 179, 199, 101. 81
egen, 3, 20, -1
/com,
local, 11, 0, 39. 875,
symm, 1, 80, 162, 239,
real, 4
e, 35, 15, 242, 262
egen, 3, 20, -1
e, 262, 242, 243, 263
egen, 3, 20, -1
egen, 17, 1, -3
e, 279, 259, 95, 115
egen, 3, 20, -1
/com,
csus
n, 325, 15. 557, 1. 125, 50. 875
n, 327, 29. 465, 1. 125, 50. 875
fill
n, 331, 50. 305, 1. 125, 50. 875
fill, 327, 331
n, 333, 64. 193, 1. 125, 50. 875
fill, 331, 333
ngen, 2, 20, 325, 333,
n, 365, 17. 878, , 53
ngen, 2, 20, 346, 352,
n, 373, 61. 876, , 53
ngen, 2, 20, 365, 373,
real, 5
e, 325, 326, 346, 345
egen, 8, 1, -1
egen, 3, 20, -8
/com,
real, 8
e, 218, 123, 122, 219
e, 219, 122, 121. 121
e, 298, 299, 134, 133


















fill, 205, 44, 3, 401, 2
fill, 206, 45, 3, 402, 2
fill, 285, 52,3, 411, 2
fill, 286, 51. 3, 412, 2
real, 9
e, 206, 205, 401, 402
e, 401, 403, 404, 402
egen, 2, 2, -1
e, 405, 44, 45, 406
e, 285, 286, 412, 411
e, 411, 412, 414, 413
egen, 2, 2, -1
e,415, 416, 51, 52
/com,
n, 324, 10. 329, 1. 125, 50. 875
n, 344, 10. 329, 0, 50. 875
n, 364, 12. 698, , 53
n, 384, 12. 698, 1. 125, 53
n, 334, 69. 421, 1. 125, 50. 875
n, 354, 69. 421, 0, 50. 875
n, 374, 67. 052, , 53
n, 394, 67. 052, 1. 125, 53
n, 434, 39. 934, , 73. 102
n, 435, 37. 535, , 75. 462
n, 444, 42. 713, , 75. 550
n, 445, 40. 131, , 77. 910
fill, 373, 434, 3, 431, 1
fill, 374, 444, 3, 441, 1
fill, 435, 126, 1, 436
fill, 445, 127, 1. 446
ngen, 2, -10, 431, 436, 1, , 1. 125
ngen, 2, 10, 441, 446, 1, , 1. 125
fill. 364, 435, 3, 481, 1
fill, 445, 129, 1, 484
fill, 365, 434, 3, 491, 1
fill, 444, 130, 1,494
ngen, 2, -10, 481, 484, 1, , 1. 125
ngen, 2, 10, 491, 494, 1, , 1. 125
ngen, 2, 1892, 209, 210, 1. , 1. 125
fill, 2101, 325, 1, 2103
fill. 2102, 324, 1, 2104
fill, 209, 345, 1, 2105
fill, 210, 344, 1, 2106
ngen, 2, 1818, 289, 290, 1. , 1. 125
fill, 2107, 333, 1, 2109
fill, 2108, 334, 1, 2110
fill, 289, 353, 1, 2111
fill, 290, 354, 1, 2112
real, 10
e,373, 393, 421, 431
real, 6
e,373, 374, 441, 431
real. 10
e,374, 394, 451, 441
e, 422, 421, 431, 432
egen, 5, 1, -1
egen, 2, 20, -5
real, 6
e, 431, 441, 442, 432
egen, 5, 1, -1
real, 10
e, 146, 426, 436, 126
real, 6
e, 126, 436, 446, 127
real, 10
e, 127, 446, 456, 147
e, 471, 384, 364, 481
real, 6
e, 481, 364, 365, 491
real, 10
e, 491. 365,385, 501
e, 472, 471, 481,482
egen, 2, 20, -1
egen, 2, 1. -2
real, 6







egen, 2, 1, -1
real, 10
e, 425, 435, 445, 455
e, 424, 434, 444, 454
e, 425, 473, 483, 435
real, 6
e, 435, 483, 493, 434
real, 10
e, 434, 493, 503, 424
e, 474, 455, 445, 484
real, 6
e, 484, 445, 444, 494
real, 10
e, 494, 444, 454, 504
e, 149, 474, 484, 129
real, 6
e, 129, 484, 494, 130
real, 10
e, 130, 494, 504, 150
real, 10
e, 229, 2101, 2103
e, 209, 229, 2103, 2105
e, 2105, 2103, 325, 345
e, 344, 324, 384, 364
egen, 2, 1,-1
e, 230, 2102, 2104
e, 210, 230, 2104, 2106
e, 2106, 2104, 324, 344
real, 6
e, 210, 209, 2105, 2106
e, 2106, 2105, 345, 344
e, 344, 345, 365, 364
real, 10
e, 309, 2109, 2107
e, 289, 2111, 2109, 309
e, 2111, 353, 333, 2109
e, 333, 353, 373, 393
egen, 2, 1,-1
e, 310, 2110, 2108
e, 290, 2112, 2110, 310
e, 2112, 354, 334, 2110
real, 6
e, 290, 2112, 2111, 289
e, 2112, 354, 353, 2111
e, 354, 374, 373, 353
/com,
n, 215, 4. 25, , 62. 38
n, 214, 4. 25, , 56. 72
ngen, 2, 20, 214, 215, 1, , 1. 06
n, 364, 13. 157, , 53. 703
n, 384, 13. 157, 1. 125, 53. 703
fill, 214, 344, 1, 2121
fill, 215, 364, 1, 2122
fill, 234, 324, 1. 2123
fill, 235, 384, 1, 2124
real, 10
e,324, 344,2121,2123
e, 2123, 2121, 214, 234
e, 384, 364, 2122, 2124
e,2124, 2122, 215, 235
real, 6
e, 344,364,2122, 2121
e, 2121, 2122, 215, 214
n, 295, 75. 5, , 62. 38
n, 294, 75. 5, , 56. 72
ngen, 2, 20, 294, 295, 1, , 1. 06
n, 374, 66. 593, , 53. 703
n, 394, 66. 593, 1. 125, 53. 703
fill, 294, 354, 1,2125
fill, 295, 374, 1, 2126
fill, 314, 334, 1. 2127
fill, 315, 394, 1, 2128
real, 10
e, 354, 334, 2127, 2125
e, 2125, 2127, 314,294




















































































et, 1, 63 ?shell
mp, ex, 1, 10e6 ? aluminum
mp, dens, 1, 2. 5e-4
mp, nuxy i 1, 0. 33
/com, real constant
?set, botm, 0. 125 ? for bottom angle assembly, real=ll
?set, wrap, 0. 125 ? for wrapper, real = 12, 13, 14
?set, midl, 0. 125 ? for middle angle assembly, real=15, 16; for 16, +0.125









n, 803, 4. 625
ngen, 7, 2, 803, 803, 1. 11. 75
fill, 803. 805, 1. 804, 1
rp6, 2, 2, , 2
n, 816, 78. 75
n, 817, 79. 75
n, 821, , , 2. 875
n, 822, 1, , 2. 875
ngen, 2, 20, 803, 815, 1, , , 1
n, 836, 78. 75, , 2. 875
n, 837, 79. 75, , 2. 875
n, 841, , , 4. 250
n, 842, 1, , 4. 250
n, 843, 4. 625, , 4. 250
n, 845, 16. 375, , 4. 250
fill
n, 847, 29. 465, , 4. 250
fill, 845, 847
n, 849, 39. 875, , 4. 250
fill, 847, 849
n. 851, 50. 285, , 4. 250
fill, 849, 851
n, 853, 63. 375, , 4. 250
fill, 851, 853
n, 855, 75. 125, , 4. 250
fill, 853, 855
n, 856, 78. 75, , 4. 250
n, 857, 79. 75, , 4. 250
ngen, 3, 20, 841. 857. 1, , 5. 2500
ngen, 2, 20, 881, 897, 1, , 4 625
ngen, 3, 80, 841, 857, 1, , , 5. 125
rp4, , , 20, 20
ngen, 3, 20, 1001, 1017, 1, , 5. 2500
ngen, 2, 20, 1041. 1057, 1. , 4 625
ngen, 4, 80, 1001, 1017, 1, , . 5. 875
rp4, , , 20, 20
n, 1321, , , 38. 125
n, 1322, 1, , 38. 125
n, 1323, 4. 625, , 41. 125
ngen, 2, 80, 1243, 1255, 1, , , 8. 875
rp4, , , 20, 20
n, 1336, 78. 75, , 38. 125
n, 1337, 79. 75, , 38. 125
n, 1481, , , 48. 375
n, 1482, 1, , 48. 375
ngen, 2, 160, 1323, 1335, 1, , , 7. 25
n7 1496, 78. 75, ,48. 375
n, 1497, 79. 75, , 48 375
ngen, 3, 20, 1481. 1497, 1, , 1. 655
fill. 1343, 1503, 1, 1423





fill, 1363, 1523, 1, 1443, 1
rpl3, 1, 1, , 1
fill, 1321, 1481, 1, 1401
rp3, 1, 1, , 1
fill, 1335, 1495, 1, 1415
rp3, 1, 1, , 1
n, 1127, 29. 465, 10. 500, 21.
n, 1131, 50. 285, 10. 500, 21.
fill
ngen. 2, 20, 1127, 1131, 1, , 4. 625
ngen, 2, 80, 1127, 1131, 1. , , 4. 75
ngen, 2, 20, 1207, 1211, 1, , 4. 625
/com,
real, 11
e, 801, 802, 822, 821
egen, 16, 1, -1
egen, 2, 20, -16
e, 863, 843, 844, 864
egen, 2, 20, -1
egen, 12, 1, -2




e, 841, 842, 922, 921
egen, 2, 1, -1
egen, 8, 80, -2
e, 843, 863, 943, 923
egen, 2, 20, -1
egen, 8, 80, -2
e, 883- 884, 964, 963
egen, 4, 1, -1
egen, 6, 80, -4
/com,
real, 13
e, 855, 856, 936, 935
egen, 2, 1,-1
egen, 8, 80, -2
e, 855, 875, 955, 935
egen, 2, 20, -1
egen, 8, 80, -2
e, 891, 892, 972, 971
egen, 4, 1,-1
egen, 6, 80, -4
/com,
real, 14
e, 907, 887, 967, 987
egen, 6, 80, -1
egen, 2, 4, -6
e, 907, 908, 988, 987
egen, 4, 1, 1
egen, 3, 80, -4
e, 1227, 1228, 1308, 1307
egen, 4, 1, -1
egen, 2, 80, -4
/com,
real, 15
e, 1207, 1208, 1228, 1227
egen, 4, 1,-1
real, 16
e, 1147, 1148, 1228, 1227



























mdofs for frame interface
for panel interface
104
/ p r e p 7
m, 1371, all, 1375
m, 1387, all, 1391
m, 1443, all
m, 1455, all
m, 1481, all. 1483













kay , 6, 2
kay, 7, 0
kay, 10, 1
et, 1, 63 ?shell
mp,ex,l,10e6 ? aluminum
mp, dens, 1. 2. 5e-4
mp, nuxy , 1,0. 33
/com, real constant
?set, panl, 0. 125 ? for panel assembly, real=17
r, 17, panl
/com, panel assembly
n, 1363, 4. 625, 10. 5, 41
n, 1365, 16. 375, 10. 5, 41
fill
n, 1366, 22. 92, 10. 5, 41
n, 1367. 29. 465, 10. 5, 41
n, 1371, 50. 285, 10. 5, 41
fill
n. 1372, 56. 83, 10. 5, 41
n, 1373, 63. 375, 10. 5, 41
n, 1375, 75. 125, 10. 5, 41
fill
ngen, 2, 20, 1367, 1371, 1, , 4. 625
ngen, 2, 80, 1363, 1375, 1, , -3. 595, 3. 625
n, 1481, , , 48. 375
n, 1482, 1, , 48. 375
ngen, 2, 40, 1443, 1455, 1. , -6. 905, 3. 625
ngen, 2, 15, 1481, 1482, 1, 78. 75
ngen, 3, 20, 1483, 1495, 1, . 1. 655
n, 2581, 0, , 88
n, 2583, 4. 625, , 88
n, 2595, 75. 125, , 88
fill
n, 2597, 79. 75, , 88
n, 2602, 1, , 87
ngen, 2, 20, 2583, 2595, 1, , , -1
n, 2616, 78. 75, , 87
ngen, 2, 40, 2584, 2594, 1, , , -4. 25
n, 2641, , , 83. 625
n, 2642, 1, , 83. 625
n, 2643, 4. 625, , 83. 625
n, 2644, 11. 875, , 82. 5
n, 2647, 28. 875, , 82. 5
fill
n, 2651. 50. 875, , 82. 5
fill, 2647, 2651
n, 2654, 67. 875, , 82. 5
fill, 2651, 2654
n, 2655, 75. 125, , 83. 625
n, 2656, 78. 75, , 83. 625
n, 2657, 79. 75, , 83. 625
n, 2681, , , 73. 675
fill, 2641, 2681, 1. 2661
n, 2721, , ,61. 625
fill, 2681, 2721, 1.2701
n, 2741, , , 58. 375
n, 2781, , , 48. 375
ngen, 2, 1, 2661, 2741, 20, 1
ngen, 2, 15, 2661, 2741, 20, 78. 75
ngen, 2, 16, 2661, 2741, 20, 79. 75
ngen, 2, 2, 2661, 2741, 20, 4. 625
ngen, 2, 14, 2661, 2741, 20, 75. 125
n, 2704, 11. 875, , 68. 5
fill, 2644, 2704, 2, 2664, 20
n, 2707, 28. 875, , 68. 5
fill, 2704, 2707
fill, 2647, 2707, 2, 2667, 20
n, 2668, 32. 9525, , 79. 605
n, 2669, 40. 131, , 77. 910
n, 2670, 47. 025, , 79. 65
n, 2708, 31. 326, , 69. 846
106
/ prep7
fill, 2668, 2708, 1 , 2688
n, 2690, 42. 713, , 75. 55
n, 2689, 39. 875, , 75. 43
n, 2710, 48. 798, , 69. 913
n, 2709, 39. 875, , 69. 416
n, 2711, 50. 875, , 68. 5
fill, 2651, 2711- 2, 2671, 20
n, 2714, 67. 875, , 68. 5
fill, 2711, 2714
fill, 2654, 2714, 2, 2674, 20
n, 2764, 12. 698, , 53. 000
n, 2765, 17 878, , 53. 000
fill, 2704, 2764, 2, 2724, 20
n, 2745, 18. 907, , 58. 615
fill, 2705, 2745, 1, 2725
n, 2726, 25. 116, , 64. 231
n, 2761, 0, , 53
n, 2762, 1, , 53. 000
n, 2776, 78. 75, , 53. 000
n, 2777, 79. 75, , 53
n, 2775, 75. 500, , 53. 000
n, 2763, 4. 250, , 53. 000
n, 2797, 79. 75, , 50. 875
n, 2781, , , 50. 875
n, 2783, 4. 25, , 50. 875
n, 2785, 16. 375, , 50. 875
fill
n, 2787, 29. 875, , 50. 875
fill, 2785, 2787
n, 2791, 48. 875, , 50. 875
fill, 2787, 2791
n, 2793, 63. 375, , 50. 875
fill, 2791. 2793
n, 2795, 75. 125, , 50. 875
fill, 2793, 2795
fill, 2726, 2786, 2, 2746, 20
n, 2727, 29. 875, , 62
n, 2767, 29. 875, , 53
fill, 2727, 2767, 1 , 2747
n, 2731, 49. 875, , 62
fill, 2727,2731
n, 2771, 49. 875, , 53
fill, 2767, 2771
fill, 2731, 2771. 1, 2751
n, 2732, 54. 882, , 64. 275
n, 2753, 60. 967, , 58. 638
n, 2773, 61. 876, , 53. 000
n, 2774, 67. 052, , 53. 000
fill. 2732, 2792, 2, 2752, 20
fill, 2714, 2774, 2, 2734, 20
fill, 2713, 2753, 1. 2733
n, 2782, 1, , 50. 875
n, 2796, 78. 75, , 50. 875
real, 17 * t=0. 125
e, 2602, 2603, 2583, 2581
e, 2603, 2604, 2584, 2583
egen, 12, 1,-1
e, 2615, 2616, 2597, 2595
e, 2641. 2642, 2602, 2581
e, 2642, 2643, 2603, 2602
e, 2643, 2624, 2604, 2603
e, 2624, 2625, 2605, 2604
egen, 10, 1, 1
e, 2634, 2655, 2615, 2614
e, 2655, 2656, 2616, 2615
e, 2656, 2657, 2597, 2616
e, 2643, 2644, 2624
e, 2644, 2645, 2625, 2624
egen, 10, 1, -1
e, 2654, 2655, 2634
e, 2661, 2662, 2642, 2641
egen, 3, 1,-1
egen, 5, 20, -3
e, 2667, 2668, 2648, 2647
egen, 4, 1,-1
egen, 4, 20, -4
107
e, 2674, 2675, 2655, 2654
egen, 3, 1,-1
egen, 5, 20, -3
e, 2724, 2725, 2705, 2704
egen, 3, 1, -1
egen, 3, 20, -3
e, 2731, 2732, 2712, 2711
egen, 3, 1, -1
egen, 3, 20, -3
e, 2761. 2762, 2742, 2741
e, 2762, 2763, 2743, 2742
egen, 2, 1,-1
e, 2781, 2782, 2762, 2761
e, 2782, 2783, 2763, 2762
e, 2783, 2784, 2764, 2763
egen, 12, 1, -1
e, 2795, 2796, 2776, 2775
e, 2796, 2797. 2777, 2776
e, 2774, 2775, 2755, 2754
egen, 2, 1,-1
e, 2776, 2777, 2757, 2756
e, 1481, 1482, 2782, 2781
egen, 16, 1, -1
e, 1503, 1483, 1484, 1504
egen, 2. 20, -1
egen, 12, 1, -2
e, 1363, 1364, 1444, 1443
egen, 12, 1, -1
egen, 2, 80, -12














m, 2669, all, 2670, 1
m, 2690, all
m, 2708, all











m, 1363, all. 1367
m, 1371. all, 1375
m, 1387. all. 1391
m. 1443, all
m, 1455, all
m, 1481, all, 1483







mdofs for frame interface
mdofs for wrapper interface
108
/pr ep7
coupling to simulate the welding
bottom angle with bottom angle assembly
/prep7
/title, modal analysis by substructuring (case 4, 423 mass MDOFS)
kan, 2 ? modal analysis
kay, 10, 1
et, 1, 50





cp, 49, ux, 41, 843
cplqen, 49, uy, uz, rotx, roty, rotz
cp, 55, ux, 44, 845
cplgen, 55, uy, uz, rotx, roty, rotz
cpsgen, 3, 4, 55, 60, 1
cp, 85, ux. 55, 855
cplgen, 85, uy, uz, rotx, roty, rotz
/com,
cp, 139, ux, 121, 2643
uz, rotx, roty , rotz
2625
uz, rotx, roty, rotz
5, 150, 1
2655
uz, rotx, roty, rotz
top angle with panel
W f, . A ... / . W A , XC J.
cplgen, 139, uu
cp, 145, ux, 124
cp lgen, 145, uu
cpsgen, 3, 4, 14
cp, 175, ux, 135
cp lgen, 175, uy
/com,
cp, 205, ux, 204
cp lgen, 205, uy
cp, 211, ux, 207
cp lqen, 21 1, uu
cp, 217, ux, 209
cp lgen, 217, uy
/com,
cp, 241, ux, 214
cp lgen, 241, uu
cp, 247, ux, 216
cp lgen, 247, uy
cp, 253, ux, 218
cp lgen, 253, uy
/com,
cp, 283, ux, 284
cp lgen, 283, uy
cp, 289, ux, 287
cp lgen, 289, uu
cp, 295, ux, 289
cp lgen, 295, uy
/com,
cp, 319, ux, 294
cp lgen, 319, uu
cp, 325, ux, 296
cp lgen, 325, uu
cp, 331, ux, 298
cp lgen, 331, uy
/com,
cp, 337, ux, 364
cp lgen, 337, uu
cp, 343, ux, 365
cp lgen, 343, uu
cp, 349, ux, 481
cp lgen, 349, uy
cp, 355, ux, 482
cp lqen, 355, uy
cp, 361, ux, 483
cplgen, 361, uy
cp, 367, ux, 445
cplgen, 367, uu
cp, 373, ux, 444
cp lgen, 373, u
cp, 379, ux, 49
cp lgen, 379, u
cp, 385, ux, 12
cplgen, 385, uu



































































































cp lgen, 397, uy, uz, rotx, roty, rotz
cp, 403, ux, 441, 2753
cp lgen, 403, uy, uz, rotx, roty, rotz
cp, 409, ux, 442, 2732
cp lgen, 409, uy, uz, rotx, roty, rotz
cp, 415, ux, 443, 2710
cplgen, 415, uy, uz, rotx, roty, rotz
cp, 421, ux, 436, 2668
cplgen, 421, uu, uz, rotx. roty, rotz
cp, 427. ux, 127, 2628
cp lgen, 427, uy, uz, rotx, roty, rotz
d, 2, all, 0, , 14, 2
d, 82, all, 0, , 94, 2
d, 162, all, 0, , 164, 2
d, 167, all, 0, , 179, 2
d, 242, all, 0, , 244, 2
d, 247. all, 0, , 259, 2
/com, wave optimization
waves
total. 10
iter. , 1
110

